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* Algumas definicoes:

« “Aircraft where the pilot's control commands are processed by a computer
and sent to the flight control surface actuators with electrical rather than
mechanical signals. FBW technology primarily includes Feedback Control
Systems and Control Laws.”

* “System whereby the movement of an aircraft's control stick is sensed and
converted into digital electronic signals.”

 “Replacement of mechanical operation devices by electrical signals. The
necessary force or torque is generated on the spot and is not transferred.”

* “The use of electrical signals to connect the pilot's control devices with the
aircraft control surfaces; or the use of electrical control connections with no
mechanical backup linkages and providing the pilot direct control of aircraft
motion rather than control surface position.”

*  “Fly-by-wire is a means of computer-aided aircraft control.”
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 Reducao de peso devido a eliminacao da conexao mecanica.

* Controle digital possibilita a utilizacao de algoritmos complexos como
leis de controle.

 Maior manobrabilidade, resposta mais rapida e precisa.

* Desvantagens:
* Discretizacao dos sinais enviados aos atuadores.

* Discretizacao dos sinais proveniente dos sensores: problema de
aliasing.

* Introducdo de atrasos: amostragem, tempo de processamento, filtros.

* Necessidade de redundancia.

* Vantagens mais significativas que desvantagens!
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e Exemplos:

. Analogic Fly-by-wire Avro Vulcan
5 Y 1952
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e Exemplos:
J Digital Fly-by-wire
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. Desvantagens do sistema hidraulico:
. Alto peso, alto custo de manutencao.
. Possibilidade de vazamentos, falhas em bombas e valvulas

. Vulnerabilidade (para aeronaves de combate).

. Solucao: Power-by-wire
. Transmissdo da poténcia das turbinas para os atuadores e através de
toda aeronave na forma de poténcia elétrica.
. Configuracoes:
. Sistema eletro-mecanico - EMA (Electro-Mechanical Actuator).
. Sistema eletro-hidrostatico — EHA (Electro-Hydrostatic Actuator).

. Sistema eletro-hidrostatico — IAP (Integrated Actuated Package).
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Diversas configuracoes e graus de complexidade:
. Sistema mecanico
Sistemas reversiveis
. Sistema mecanico-hidraulico
. Sistema mecanico/elétrico-hidraulico.
%)}
R Sistema eletro-hidraulico — EHS (Electro-Hydraulic System) o
n =
% - Sistema eletro-mecanico - EMA (Electro-Mechanical Actuator) - i
o O
% . Sistema eletro-hidrostatico (1) — EHA (Electro-Hydrostatic Actuator) | =
E -
% . Sistema eletro-hidrostatico (2) — IAP (Integrated Actuated Package)
2 L -

> Power-by-wire
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* Comandado por sinal elétrico

(O sinal vem das leis de controle do FBW. Em caso de pane, sua atuacao
pode ser revertida para modo direto

Hydraulic
Power

| Analogue Loop
FBW : Closure

Command
f Actuator
Contro.ll ’I%‘
Electronics
i (ACE)

Direct
Electrical Link
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-
<
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.%

Feedback
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e Atuador Eletro-hidraulico (EHS)

* Integracao entre FBW e IAP
e Estado-da-arte em atuadores

* Usado para atuadores de aeronaves com grande carga aerodinamica,
como F-35, Airbus A380, etc., além de drones e aeronaves autonomas
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e Atuador Eletro-hidrostatico (EHA)

 Alimentacao em 270 VDC ou 540 VDC

 Aintegracao com sinais elétricos permite sua utilizacao em sistemas
FBW e integracao com barramentos avidnicos

3 Phase AC
Electrical
Power
FBW
o _ﬁ____________affd__ﬁ
Feedback ectrohydrostatic
| ceahae Actuator (EHA) |
| Power . Fixed
Variabl |
ACE [f»| Drive g a:?“et Displacement
| Electronics pee VO Hyd Pump |
‘ | I
I
| |
Direct '6} LVDT |
Electrical | |
Link |
| Feedback l
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e Atuador Eletro-hidrostatico (EHA)

* [Interpde um sistema hidraulico em escala reduzida entre o motor
elétrico e o atuador.

fotor Control

Electronics Fixed Displacernent

Variable Spead "
Electric Motor Hydraulic Pump

 Motor elétrico do tipo
brushless, de velocidade
variavel e bi-direcional
transforma energia elétrica
em mecanica.

Electrical
Supply

) Command
Flight Signals
Contral
Computer

|
..
|
|
|
|
|
|
1
|

Hydraulic Suppl ; ANi A
[ raulic Supply * A energia mecanica é usada

para acionar uma bomba
hidraulica de deslocamento
fixo.

Bypass Signal > Bypass
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Valve Hydraulic Hydraulic
Block Piston Jack Pump

Hydraulic
Accumulator

Electronics
Enclosure
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e Atuador Eletro-mecanico (EMA)
* Correspondente EHA para atuadores de parafuso

* Portanto mais aplicaveis a flapes, slats, etc.

3 Phase AC
Electrical
Power
FBW
I Electro-Mechanical
| * Feedback Actuator (EMA) |
| Power
ace Hal prive — El\fgt‘;’_‘ |
—> | Electronics
I Reduction Scrow I
| @} Gear ‘ Jack Illl_© |
Direct RVDT I
Electrical I |
Link |

_——— S S SE——— SIEEE SIIEEE SIIELE TISLLET O TIIDLET TS O TISLLST O TISLLST TILLLST IS O TIaaaST TS aaa— —
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e Atuador Eletro-mecanico (EMA)

e Utiliza um motor elétrico para fazer o acionamento da superficie de

controle.
Control Power Drive
Electronics Electronics .

ot o

 Acoplamentos de engrenagens realizam a
reducao da rotacao.

e No caso de movimento linear utiliza-se
fusos rolamentados.
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e Atuador integrado IAP (IAP — Integrated Actuator Package)

O proéprio atuador possui seu reservatoério hidraulico, e sua bomba,
que pressuriza o sistema e gera o movimento

e Sistema “stand alone”
e Ativacao elétrica
* Usado para aplicacdes mais especificas (nao-convencionais)

 Em geral alimentado por barramento elétrico 115 VAC

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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e Atuador integrado IAP (IAP — Integrated Actuator Package)

 Exemplo: Avro Vulcan B-2

Gen | Gen 4

Gen 2 Gen 3
AC1 Busbar @ @ AC4 Busbar

( AC2 Busbar ) ( AC3 Busbar )

\AJ
Y A ' Y Y ¥

: 2 3 4 3 6

Left Elevons Rudder (2) Right Elevons
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e Atuador integrado IAP (IAP — Integrated Actuator Package)

O proéprio atuador possui seu reservatoério hidraulico, e sua bomba,
que pressuriza o sistema e gera o movimento

Mechanical

| I
Signaling I =® Integrated I
' = Actuator

| Package I
I (IAP) I
| || Summing |
| FE— " |

3 Phase AC — Variable
Electrical :I:: S ggzbﬁg:m Displacement |
Power g T Hyd Pump I
I I
| Hydraulic I
| Piston — ] |

Actuator

I I
I I
| I
I o I
| Feedback |
I Link |
- |
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e Atuador integrado IAP (IAP — Integrated Actuator Package)

* Variacao construtiva do EHA. Utiliza motor de inducao (AC) bi-direcional
de velocidade fixa para acionar uma bomba de deslocamento variavel.

. e Elimina a necessidade de

_ ‘ufariablc_ Displacemant
Fixed-Speed Hydraulic Pump drivers de alta poténcia

Electric Motor

|
|
|
| | para acionamento dos
Elsotrioal _| Isalator |
Supply ] | motores.
| |
. | | . 7 .
Control o '+ Do ponto de vista térmico
Computer 5 h Plat ~ , .
| 1 ommand Actuator ) s30 menos sensiveis a
| | & | CL__ Fiydraulic Supply | variacdes da carga em alta
[ | | Bypass Srgnal | R i
™ i i frequéncia.
[ |
[ L= ————
< : : Position Feedback

Aircraft Surface Actuator
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e Atuador integrado IAP (IAP — Integrated Actuator Package)
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Actuator type Power source Primary  Spoilers  Tailplane Flaps and
flight horizontal slats
control stabilator

Conventional Aircraft Hydraulic X X

Linear Actuator Systems: B/Y/G or

L/C/R [1]
Conventional Aircraft Hydraulic X X
Screw-jack Actuator  or Electrical

Systems [2]

Integrated Actuator  Aircraft Electrical X X

Package (IAD) System (115VAC)

Electrically Aircraft Hydraulic X X

Signalled Hydraulic =~ Systems

Actuator

Electro-Hydrostatic =~ Aircraft Electrical X X

Actuator (EHA) System [3] [4]

Electro-Mechanical Aircraft Electrical X X

Actuator (EMA)

System [3]

Notes: (1) B/Y/G = Blue/Green/Yellow or L/C/R = Left/Centre/Right (Boeing)
(2) For THS and Flaps & Slats both hydraulic and electrical supplies are often used for
redundancy
(3) 3-phase VAC to 270 VDC matrix converter used in civil
(4) 270 VDC aircraft electrical system used on F-35/]JSF

SAA0187

Sistemas Aeronauticos de Acionamento
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ELECTRICAL SIGNALLING
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HYDRAULIC POWER (AIRCRAFT) U

)

HYDRAULIC SIGNALLING

SoL
[l
R . BE“VC::A”’ES VALVES ACTUATOR
e
SERVO VALVE POSIT!DN [ :
it -
H## :
O FEEDRAG ™
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e Redundancia

 Exemplo: Tornado

PITCH COMPUTER & TAILERON AGTUATOR
LATERAL COMPUTER 3 TAILERON ACTUATOR | [———10)

SAA0187 Sistemas Aeronauticos de Acionamento
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e Redundancia

 Exemplo: EAP

ACTUATOR FEEDBACK

(ANALOGUE)
ACTUATOR DRIVE
UNIT g ACTUATOR )
(ADV) X4
ACTUATOR DEMAND
(ANALOGUE)

DEDICATED DIGITAL
LINKS (X4)

FLUGHT CONTROL
COMPUTER

(FCC) X9
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e Redundancia

 Exemplo: EAP

e Atuadores quadruplexados
e 2 atuadores para canard
e 2 atuadores para cada flaperon (inborad e outboard)

e 1 atuador paraleme

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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 Fornecem ao piloto a carga no comando de voo durante a
pilotagem

e Também conhecido como feedback force ou artificial feel

* Dois tipos principais:
 Spring load

 ‘Q’ feel system

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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e Sistema de massas e molas que aumentam a carga do
comando conforme aumenta o fator de carga

* Requisito “force per g”

 Cumpre requisito, mas pode nao representar bem a forca real
nos comandos

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire



( /4 Control Load !l

y ENGENHARIA
EESC - USP AERONAUTICA

e =
USP « SAO CARLOS

* ‘Q’ Force System

e Sistema que permite que a carga seja proporcional a
velocidade da aeronave (carga aerodinamica)

Basic Q Feel System

‘Q'-pot

b, Pitot Static
ks i
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* ‘Q’ Force System

* Posteriormente surgiram sistemas eletronicos integrados com
os sensores de velocidade e altitude

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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* ‘Q’ Force System

* Inicialmente esse tipo de sistema agregava a carga no
comando por sistema hidraulico

* Posteriormente passaram a ser usados motores elétricos para
desempenhar essa funcao, por serem mais baratos, mais leves
e com resposta mais rapida

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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* ‘Q’ Force System

DAMPER

HANDLE

ARTIEICIAL
FEEL MECHANISM
SPRINGS
TRANSDUCER
SOLENOID
ARTIFICIAL FEEL
SPRING ROD
DAMPER TRANSDUCER
UNIT
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 Comparativo: Filosofias Boeing x Airbus

Boeing 777

AAdA

PFC Left

ACE

— Spoilers

PFC Center

ACEC

» Flaperons
—» Ailerons

» Elevator

PFC Right

ACER

—= Rudder

Yvy

3 x FLIGHT
CONTROL
COMPUTERS

Airbus A330/340

3 x FLIGHT CONTROL
PRIMARY COMPUTERS

| |
C()MMAND! MONITOR
|

2 x FLIGHT CONTROL
SECONDARY COMPUTERS
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BIT

Command
@ : XMON
| Monitor ‘\

Spoilers
Ailerons

|
C{)MMANDi MONITOR
| ——» Elevator

Rudder
Stabilizer

Spoilers

Ailerons (standby)
Elevator (standby)
Rudder (trim/travel limit)

SAA0187
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e Sistema FBW Airbus A320
Elevator Spoiler Flight

Elevator
Computer
(SEC) i

Aileron
Computer
(ELAC) 1

Augmentation
Computer
(FAC) |
2
GND-SPL GND-SPL

LAF SPD-BRK——SPD-BRK LAF

— [ Y] [E][¥][¢] [c|[v][B][Y][9] , e Electrical control:
L Ail R Ail

Elevators 2
ELAC 1 2 Normal 1 2  ELAC Ailerons 2

SEC 21 1 2 3 Normal 3 3 | 1 2 ELAC .
SEC > Standby > SEC Roll spoilers 8
THS Actuator . Tailplane trim 1
I . Slats 10
L Elev R Eley FAC — Flaps 4

1 —» G faa)
B |G Y| B A Y Speedbrakes 6
LI 2 . .
ELAC 1 2 21 2 1 Yaw M Lift dumpers 10
SEC 1 2 12 > Damper )
M Actuator Trllns

e Mechanical control:
Rudder
Tailplane trim (reversionary mode)

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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e Evolucao do Sistema FBW Airbus A320/330/340/380

* As aplicacdes nas aeronaves seguintes da Airbus seguiram
filosofia semelhante, porém com uma quantidade de

componentes maior

Airbus model Spoilers per wing Ailerons/actuators
per wing

A320 family 5 1/2

A330/340 family 6 2/4

A380 8 3/6

SAA0187 Sistemas Aeronauticos de Acionamento Comandos Fly-by-wire
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e Evolucao do Sistema FBW Airbus A320/330/340/380

* As aplicacdes nas aeronaves seguintes da Airbus seguiram
filosofia semelhante, porém com uma quantidade de
componentes maior

A320 Family A330/340 Family A380
COM|MON COM I I
Elevator/Aileron Computer x 2 E—] E—]
FC Primary Computer x 3 FC G & C Computer x 3
COM | MON
—— ComTmoN} ComMoN |
Spoiler/Aileron Computer X 3 FC Secondary Computer x 2 ﬁ

FC Secondary Computer x 3

Flight Augmentation Computer x 2~ FC Data Concentrator x 2 E

FC Data Concentrator x 2

Slat/Flap Control Computer x 2 E

+ Slat/Flap Control Computer x 2

|
Il

Autopilot

Autopilot

+
FMC
‘ly-by-wire

SAA0187

L
e
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e Leis de Controle FBW

S NORMAL LAWS S

Normal laws: Provision of basic control laws with the addition of coordina- Most Double Failures:
tion algorithms to enhance the quality of handling and protection to avoid - Computer

the exceedance of certain attitudes and attitude rates. Double failures in - Hydraulics
computing, sensors or actuation power channels will cause reversion to the - Ailerons
Alternate mode Certain Triple or
Alternate laws: Provision of the basic control laws but without many of the DO“bll? H“de‘“ted
additional handling enhancement features and protection offered by the anures
Normal mode. Further failures cause reversion to the Mechanical mode S ALTERNATE LAWS S
Direct laws: Direct relationship from control stick to control surface, manual i
trimming, certain limitations depending upon aircraft CG and flight control
system configuration. In certain specific cases crew intervention may enable
re-engagement of the Alternate mode. Further failures result in reversion to
Mechanical

Mechanical reversion: Rudimentary manual control of the aircraft using pitch

trim and rudder pedals to facilitate recovery of the aircraft electrical system S
or land the aircraft as soon as is practicable

Crew
Intervention

y

DIRECT LAWS S

Final
Failure

S MECHANICAL REVERSION S

SAA0187 Sistemas Aeronduticos de Aciona
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[ ]
+ Airb
AI r us A380 LEFT WING RIGHT WING
AILERONS SPOILERS SPOILERS AILERONS
Inbd G 1 Y Y 1 G Inbd
ACE2 AC E2
Mid Y 2 G G 2 Y Mid
ACE1 ACE1
Outbd Y 3 Y Y 3 Y Outbd
G G
4 G G 4
5 Y + Y + 5
AC2E AC 2E
6 G+ G+ 6
ACI1E AC1E
7 Y Y 7
8 G G 8
R ELEVATORS THS L ELEVATORS
Inbd ACE1 G ACE1 Inbd
G Y Y
ACE2
Outbd ACE2 AC E2 Outbd
G Y
RUDDER
Upper
1Y+ ACE1
2G+ ACE2
Lower
1G+ ACEl
2Y + ACE3
KEY:
G Green ACEl AC1
Hydraulic Essential
System Side 1
Y Yellow ACE2 AC2
Hydraulic Essential
I —— System Side 2 ——
ACE3 AC
SAA0187 Sistemas . Essential = -|y_|yy.\vire

(RAT)
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 Airbus A380
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H Slat:
Spoilers (8) Slats Spoilers (8)

i
|H|H|EB|EB|H|HIH|H| i |H|H|H|H|EB|EB|H|HI
] [710) [1® (KD @] G 5]
Ailerons (6) : Ailerons (6)

Elevators (4) : Elevators (4)

EB Actuator Key:

EB .
H| Hydraulic

Rudder (4) | _j y

EB ® Electro-Hydrostatic

EB
Electrical-Backup Hydraulic

! @ Electric Motor
|
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NORMAL BACKUP
MODE FBW MODE
Computer
Green or 3 Phase AC
Yellow Electrical
Hydraulics Power
Hydraulic ElectroHydrostatic
Actuator Power Actuator (EHA)
- Drive
Electronics
Variable
v Speed Motor
Servo . Fixed
Valve - Displacement
Hyd Pump
N4 1 )
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* Boelng 777
. L High Lift Actuation — Flaps & Slats
* Comandos primarios
FSEU-L FSEU-L
Primary & A A YY)
Secondary
Attitude; Inertial A629 L
Systems C Y Y Y ¥ Y ¥ A -
Buses R i
SAHRU ADIRU
Primary Flight Control Computers Power
. . - Supply
Primary Primary Primary Assemblics
Flight Flight Flight — -
Air Data Control Control Control
Computer Computer Computer PSA L
CDU L C R
ADM AAA A A A AAA A AL
Pt
A629 L Y X L
Flight Control ~ C A L y I : L v L
Buses R
‘ll’Ti Yvyy ‘ll’l‘lf "‘!FI I‘ll’"‘l!’ Yvyy
|
AIMS-L ACE-L1| |ACE-L2| |ACE-C ACE -R
AFDC-L
Avionics
lenputmg ) Actuator Control Electronics (ACE) : :
— & Flight Deck - interface with Primary Flight Control Actuators Autopilot & Flight s

Director Computers .
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* Boeing 777
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* Comandos primarios

ACE L1 ACE L2 ACEC ACER

ROB Aileron LOB Aileron LIB Aileron RIB Aileron

LOB Aileron RIB Aileron ROB Aileron LIB Aileron

Upper Rudder Lower Rudder

LIB Elevator LOB Elevator ROB Elevator RIB Elevator
L Elevator Feel R Elevator Feel

Spoiler 2 Spoiler 5 Spoiler 1 Spoiler 3

Spoiler 13 Spoiler 4 Spoiler 7 Spoiler 6
Spoiler 11 Spoiler 8 Spoiler 9
Spoiler 10 Spoiler 14 Spoiler 12
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e Controle eletronico dos atuadores (ACE)

Hydraulic
System —
Flight Control (Left)
A629 Data Buses
L C R

I : :
| l
| I

- : |
! I

Y
‘ v : Actuator : le— Solenoid Valve——[ SV] [SV
i Control I
: Electronics : —Actuator Demand—»| L:Eﬂ Inboard
28 VDC : (ACE) | le—Actuator Feedback— : PCU —':©
1
Power : : |
| | i
t I
i r'y T 28VDC
: I—Acluator Loop ComrolJ Power
! 2
: Position &)
| |Sensors Example shown is for
: the Left Inboard
: Power Control Unit
Digital _ — Analogue (PCU) and is part of
"World' 1 'World' the L1 ACE
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 Segregacao

* Relacao entre Comandos de Voo, Guiagem e Gerenciamento

de Voo
MCDU FCU Pilot Controls Displays
e e Primary
QO oo o0 i 0 O F'l'c:hrd Navigation||,
O OO0 O == g Display
Display

FMS » AFDS FBW

kA J

Aircraft Sensors
Dynamics

Attitude

Trajectory

Flight Mission
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