A torgue tube is a hollow metal tube used to transmit a torsional, or twisting, force between the
actuating control and the device being controlled. Large aeroplane control systems often use torque
tubes between an electric or hydraulic motor and a jackscrew to actuate flaps, slats, and other control
surfaces. Figure 9.9 shows an example of usage of a torque tube in a flight controlsystems.

Fig. 9.9 Torque Tube Aerodynamically Controlled Systems
The control tabs are controlled by the control wheels in the flightdeck so that as one tab moves up, the
opposite tab moves down. The ailerons are thus operated aerodynamically. When the control tabs are
deflected, aerodynamic forces on the tabs move the ailerons in the oppositedirection.

—

Fig. 9.10 aerodynamically controlled system
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Fig. 9.11 Aerodynamically controlled aileron system Hydraulically Assisted Control System
As aircraft increase in size and weight, their controls become more difficult to operate and systems must
be used to aid thepilot.

The power boosted control system is similar in principle to power steering in an automobile. A hydraulic
actuator is in parallel with the mechanical operation of the controls, and in addition to moving the
control surface, the normal control movement by the pilot also moves a control valve that directs
hydraulic fluid to the actuator that moves thesurface.

Hydraulically Actuated System with Direct Cable Backup

On modern large aircraft, the previously described system is replaced with a more advanced
architecture. In normal operation, the direct connection between the steering column and the control
surface is in a disconnected mode, and the input coming from the flightdeck is only directed to the
actuators control valve. In case of a hydraulic power failure, the hydraulic actuator is bypassed and the
input force coming from the steering column is directed directly to the controlsurface.

It is obvious, that the necessary force to move the control surface is much higher in this mode.
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Fig. 9.12 Hydraulically Actuated System with Direct Cable Backup

Hydraulic Actuating System with Control Tab Backup

In the event of a hydraulic system failure, the control forces are too great for the pilot to manually move
the surfaces, so, they are controlledwithservotabs.Inthemanualmodeofoperation,the

flight control column moves the tab on the control surface, and the aerodynamic forces caused by the
deflected tab move the main control surface.
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Fig. 9.13 Tab Backup
Hydraulic Power Operated Systems

Boosted flight control systems are found in aeroplanes lighter than approximately 60 tons, in heavier
aeroplanes the servo tabs would be too big and need too much force for manual operation of the system.
Another problem with a power-boosted control system is that during transonic flight shock waves form
on the control surfaces and cause control surface buffeting, and this force is fed back into the control
system. To prevent these forces reaching the pilot, many aeroplanes that fly in this region of airspeed
use a power-operated irreversible control system. The flight controls in the cockpit actuate control
valves which direct hydraulic fluid to control surface actuators.

~=

ROOD -
Fig. 9.14 Hydraulic Actuator with Control Cables Follow-up Control

Some kind of follow-up system is used to close the control valve of a servo control unit when it has
reached the desired position. Figure 9.15 shows a typical mechanical follow-up system.
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Fig. 9.15 Mechanical Follow-up Control Operation of a mechanical controlled actuator

Normal operation with the servo control pressurized. Refer to Figure 9.16

The moving servo control body is slaved to the mechanical input signal via input lever (13), travel of
which is limited by stops (1). The lever actuates the control valve (8).

In the event of overpressure in one of the chambers, check valve

(7) holds supply pressure against one of the faces of pressure controlled relief valves (5).

Chamber overpressure is then applied to the other face of one valve (5) and causes it to move. The two
chambers are then connected to the return line, thus ensuring anti-cavitation and over pressure limitation
functions.

Operation in the event of control valve jamming

When the input force is higher than preloaded spring (4) force, roller (9) moves out of its cam.

This depresses microswitch (3) which transmits a warning signal to the crew via the jamming detection
system. The crew must then shut off the power supply from the hydraulic system involved.

The warning is provided to prevent excessive fatigue loads on the structural attachments of the servo
control, if the failure has remained hidden for several flights.

Operation on the ground, with the servo control depressurized

In the event of the control surface being subjected to external forces (e.g. gust forces), pressure increases
in one of the chambers, thus causing one pressure controlled relief valve to open.
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This chamber then empties into the return line via a small orifice
(6) which provides a ground gust damping function, for gust speeds up to 80 Kts.
Ground testdevice

The jamming detection device can be tested by means of stop (2) which is extended when there is no
pressure, and limits the travel of the controlvalve.

Operation of input lever (13) over a sufficient amount of travel then depresses microswitch (3) and
allows it to be checked for correct operation.

1. Input Lever Stops
2. Ground Test Stop
3. Jamming Detection Switch
4. Preloaded Spring
5. Relist Valve
&. Damping Orifice
7. Check Vaive
8. Control Vaive
. Cam Roller

10. Input Roller

Fig. 9.16 Servo Control Trim Control
Transport aeroplanes are usually trimmable in all three axes.
Roll and Yaw Trimming Cable Controlled Flight Controls

Trim tabs are normally used for roll and yaw trimming on cable controlled aeroplanes what means, you
will find them on the rudder and ailerons. They are controllable from the cockpit and allow the pilot to
deflect the control surface just a small amount. This allows the aeroplane to be adjusted to fly straight
and level with hands and feet off of the controls. Once a trim tab is adjusted, it maintains a fixed
relationship with the control surface as it is moved as shown in Figure 9.18.
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Fig. 9.17 Trim Tab Control

Boosted or hydraulically operated aileron and rudder systems are usually trimmed by means of moving
the artificial feel and centring unit out of its centre position. This is done by a manually or electrical
motor operated jack-screw. Fly-by-wire operated systems do not need special provision for trimming the
ailerons. If an imbalance occurs during flight, the roll control computers send a re-positioning signal to

TEMWHETL

& SWIVEL POINTS
the aileron servo control units to achieve levelled flight again.

Fig. 9.18 Trim system
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Fig. 9.19 Aileron Trim System on MD-80
Pitch Trimming

Larger transport aeroplanes are trimmed longitudinally by adjusting the position of the leading edge of
the horizontal stabilizer. These stabilizers pivot about the rear spar, and a jack- screw controlled from
the cockpit raises or lowers the leading edge. Raising the leading edge gives the aeroplane nose-down
trim, and lowering the leading edge trims the aeroplane in a nose- up trim. The system layout is
basically the same on most transport aeroplanes. Figure 9.21 shows the most common system lay-out.
The motors can be electrically or hydraulically driven. For redundancy, different hydraulic systems
supply the THS actuator.

Some other systems provide electrical actuators for backup operation
The trimmable horizontal stabiliser (THS) can be moved either manually or automatically.

Manual control is achieved from the cockpit by the different manual control wheels, switches or suitcase
handles. Automatic control is achieved with signals from the autopilot or Flight Management systems
which send signals direct to the THS- actuator.

During manual movement of the THS an audible signal sounds in the cockpit, so, the pilots can perceive
motion of the system. This audible signal is also used to warn the pilots in case of dangerous THS
runaway.

During manual movement of the THS an audible signal sounds in the cockpit, so, the pilots can perceive
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motion of the system. This audible signal is also used to warn the pilots in case of dangerous THS
runaway.

Automatic Pitch Trim

In the auto flight mode the command signals from the autopilot are sent to the flight control computers
where auto trim signals are calculated and sent to the THS actuator. On large aircraft, other systems are
installed for pitch and centre of gravity control. These aircraft are equipped with a horizontal stabilizer
designed as a fuel tank. This feature makes it possible to transfer a calculated amount of fuel into this
tank to keep the centre of gravity in a safe and economic range during the flight. Therefore, extensive
THS pitch angles can be avoided.

General

The pilots use the aileron control wheels to move the ailerons and flight spoilers. The autopilot, when
engaged, automatically controls them.

Manual Operation - Control Wheels

The flight crew uses two conventional control wheels to control the roll attitude of the airplane. A
transfer mechanism on the first officer side, supplies a mechanical link between the control wheels. If
one control wheel cannot move, the other continues to control.

The control wheel gives mechanical input to the power control unit (PCU) through cables and linkages.
Hydraulic pressure goes to the PCU and makes the housing move. The aileron PCU movement
mechanically moves the aileron through the wing cables and thequadrant.

When the control wheel moves, it also gives a mechanical input to the roll control wheel steering (CWS)
force transducer and the control wheel position sensor. The roll CWS force transducer sends signals to
the flight control computers (FCC) proportional to control wheel turning forces. The control wheel
position sensor sends signals to the flight data acquisition unit (FDAU) for control wheel position.

See the digital flight control system section for more information about the FCCs and the roll CWS
force transducer. (SECTION 22-11)

See the flight data recorder section for more information about the aileron control wheel position sensor
and FDAU. (SECTION31-31)

Manual Operation - Control Wheels — Manual Reversion

During manual reversion, the control wheel gives mechanical input to the power control unit (PCU)
through cables and linkages. Mechanical stops in the PCU make the housing move. The aileron PCU
movement mechanically moves the aileron through the wing cables and the quadrant.

Manual Operation - Aileron Trim

The aileron trim switches and the trim actuator let the flight crew trim out unwanted control wheel
forces. When the pilots move the aileron trim switches on the aileron/rudder trim panel, the switches
send a signal to the aileron trim actuator and FDAU. The trim actuator moves the feel and centering unit.
This movement goes to the aileron PCU. Aileron PCU movement mechanically moves the aileron
through the wing cables and quadrant.

During aileron trim, the control wheels also move to supply an indication on the top of the control wheel
column.

Autopilot Operation

When engaged, the flight control computers control the aileron autopilot actuators. The actuators give
mechanical input to the feel and centering unit and aileron position sensor. Movement of the feel and
centering unit goes to the aileron PCU and signal from the aileron position sensor go to the FCCs. The
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aileron PCU movement moves the aileron through the wing cables and the quadrant. The quadrant also
gives mechanical input to the aileron position transmitter. The transmitter sends position signals to
the(FDAU).

See the digital flight control system section for more information on the aileron autopilot operation and
aileron position sensor. (SECTION22-11)

See the dig ital flight recorder system section for more information about the aileron position
transmitter. (SECTION31-31)

Flight Spoilers
The flight spoilers also supply roll control. When the aileron PCU moves, it supplies an input to the
flight spoilersystem.

See the flight spoiler control system section for more information on the spoiler and speed brake
control. (SECTION 27-61)
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Fig. 9.20 Different Manual Trim Control Inputs
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Fig. 9.21 Pitch Trim System Layout
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Fig 9.23 Hydraulically driven Trim Actuator
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Fig. 9.24 Cable run of a mechanical controlled Hydraulic Actuator

Versine Signal

The vertical component of lift reduces as the angle of bank increases. Since it is the vertical component
of lift which opposes mass, then, when the aircraft banks the vertical component of lift no longer
balances mass and the aircraft would lose height. To counter this effect the angle of attack of the aircraft
must be increased to make the vertical component equal to the mass.

In order properly to coordinate the turn entry and turn exit with rudder, the roll command signal is
differentiated, and applied to the rudder servo, as is generally conventional practice. To prevent loss of
altitude during banked turns, a lift compensation signal is supplied to the pitch servo. This signal is
derived from the bank angle signal from a vertical gyro and is generally proportional to the versine (1 -
cosine) of the bank angle.

Since, with the autopilot in the airspeed or Mach hold mode, the pitch up produced by the lift
compensation signal tends to change the airspeed or Mach speed which the autopilot is trying to
maintain, this signal is conflicting and not desired and is therefore inhibited in these modes.

Active Load Control

On the Airbus A320 and similar aircraft, the Active Load Control (also known as load alleviation
function (LAF)) is accomplished by the electrical flight control system (EFCS). The LAF is
implemented in the elevator and aileron computer (ELAC) and the spoiler elevator computer (SEC). The
control surfaces used are both ailerons as well as spoilers 4 and 5 (i.e. the outboard pair on both sides)
for up gusts.
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There are four specific accelerometers that are installed in the

forward fuselage station to provide the electrical flight control computers with vertical acceleration
values. These sense the up gust and deploy the spoilers to smooth out the normal result of an up gust of
wind as described in the before mentioned example.

Four hydraulic accumulators are installed to provide the extra hydraulic flow needed to achieve the
surface rates and duration of movement required for load alleviation as illustrated in Figure 9.25.
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Fig. 9.25 Load Alleviation Function High Lift Devices

Trailing Edge Flaps

Flaps which only increase the camber have a fixed hinge point and are generally moved by hydraulic
actuators. The trailing edge of this type of flap will move downwards immediately if a "flaps extend”
selection is made on the flight deck.

Fig. 9.26 A plain flap

Flaps which increase both the surface area and the camber have rollers and are installed in specially
formed tracks.

After a “flaps extend” selection the flaps will first move backwards via the rollers and the tracks
(increase of the wing area) followed by a trailing edge that moves down (camber increase).

Fig. 9.27 A split Fowler flap

To perform this combined movement, a system of driving axles and screw spindles or rotary actuators is
used. This system is usually driven by a hydraulic motor or by an electric motor depending on the type
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and size of aircraft. A screw type system is often used to prevent flap loads feeding back to the control
system. Such flap system lay-outs are similar to the slat system lay-out. For some aircraft, both types of
actuation are used. The flaps are operated with the flap handle on the flight deck. The flap handle can be
set to different positions depending on the flight phase. This enables the pilot to select the most efficient
flap position. See the typical system layout as shown in Figure9.29.

Different maximum speeds apply for each flap position setting. This means it is not allowed to extend
the flaps in every flight phase. Structural damage could occur if the speed is too high. Therefore, the
manufacturer defines the maximum speeds for each setting. These speed tables are usually printed in
speed booklets. On modern aircraft, where most of the systems are computer controlled and monitored,
limitation envelopes are integrated in the software. If the pilot tries to extend the high lift devices while
the aircraft cruises with a speed higher than the allowed speed for flaps extension, the computer will not
allow the extension and inhibits the operation accompanied by a warning. See Table 7.1 for an example
of maximum allowedspeeds.

Slat/Flap in ° Max IAS(knots)b
SLT/FLP 15/0 245
SLT/FLP 15/15 210
SLT/FLP 20/20 195
SLT/FLP 30/40 180
Maximum Speed for| s extended
slats/flap
Indicated AirSpeed,

Table 7.1 Maximum speeds for slats/flaps VFEa
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Module 11.9 Flight Controls (ATA 27)

FLAP DEFLECTION TROLLEY

Fig. 9.30 Flap Track, Screw Jack Operated Leading Edge Flaps
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Leading edge flaps, also named "Krueger Flaps”, are installed below the forward wing edge as shown in
Figure 9.31.

The flaps can have two positions, extended or retracted. The command for these positions comes from
the flap handle or via the flap computer. Such leading edge flaps are driven hydraulically, pneumatically
or electrically.

Fig. 9.31 Leading Edge Flaps Slats
Together with the flaps, the slats are used for lift augmentation. The slats are installed on tracks which
are attached to the leading edge of each wing. The operation of the slats is usually mechanical; by cables
- hydro-mechanical or pneumatic. A

hydraulic or pneumatic power control unit (PCU) moves the mechanical transmission system which

('C .

operates the slats on each wing.

Fig. 9.32 Slats
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Figure 9.33 shows the mechanism of a typical slat track. Generally the extension of the slats and the
flaps must be done at the same time. Therefore, there is only one control handle in the cockpit to operate
the flaps and slats. An indication system on the cockpit indicates the position of the slats, similar as the

flap system.

Fig. 9.34 Screw Jack Driven Slat

Fig. 9.35 Hydraulic Actuator Driven Slat

e i,
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Fig. 9.36 Hydraulically Operated Slat Cable System
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Fig. 9.37 Hydraulically Operated Slat Screw Jack System Flap/Slat Position Indication
Different methods and types of indicators are in use to show the actual position of the flaps to the flight
crew. The signal transmission can be done either mechanically by steel cables or electrically by using a
position pickup unit and an electrical indicator. The principle of slat/flap position transmission is usually
similar.
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Fig. 9.38 Electrical Position Transmission

As you know, modern aircraft are equipped with displays instead of analogue indicators. Figure 9.39
shows a typical slat/flap indication.

Fig. 9.39 Modern Indication Display Position and Asymmetry Monitoring

After a failure in the driving mechanism (spindle fracture, icing etc.), a difference in flap position might
occur. This can cause a dangerous roll moment. To prevent this, the flaps can be connected to each other
by means of a heavy steel cable (synchronization cable), especially in aircraft where the flaps are moved
by means of hydraulic cylinders. For aircraft which have a driving axle system, asymmetry is measured
electrically.

Monitoring of a Power Transmission Systems

See Figure 9.40

To monitor the power transmission system, the computers compare the commanded setting with the
actual position data. The computers receive the position datafrom:

the two APPUs (Asymmetry Position Pick-offUnit)
the FPPU (Feedback Position Pick-offUnits)

the Valve Blocks

the flap-attachment failure detectionsensors
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An APPU is installed at the end of the transmission system in each wing. The two synchro transmitters
in each APPU send position data to each computer. The control valve of each valve block has a Linear
Variable Differential Transducer (LVDT). The LVDT sends valve position data to its related computer.
The position of the valve is directly related to the hydraulic pressure available at the valveblock.

Computers monitor the power transmission system continuously for failures. These are usually:
. asymmetry (a position difference between the twoAPPUs)
. runaway (a position difference between the APPUs and the FPPU)

. uncommanded movement (a movement in the  wrong direction, or
movement away from the last setposition)

. overspeed (the faster movement of one or morePPUs)

. systemjam

. control valveposition

As soon as a certain difference is measured between the left and the right flap, the hydraulic or the
electric power supply to the driving motor is stopped, which stops the flap movement. For safety
reasons, wing tip brakes are installed on each wing tip to stop and lock the transmission mechanically in
case of certain dangerous failures.

APPU ADAPTOR

Fig. 9.40 Asymmetry Position Pick-off Unit Wing Tip Brake
The WTB is an electro-hydraulic pressure-on brake. It is installed near the end of the transmission
system in each wing. The WTBs
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stop and hold the transmission if the computers find some given types of failures. If locked, the system
can only be reset on ground for safety reasons.
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Fig. 9.42 Position and Asymmetry Monitoring Lift Dump and Speed Brakes
Wings of transport aeroplanes are equipped with spoiler surfaces (also known as lift dumpers). The
different surfaces are used for different applications depending on the actual flight phase. The spoilers
are usually grouped in relation to the different functions. This could look as follows:

Flight spoilers
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. Roll spoilers (lateral control augmentation)
. Speed brakes (in-flight)

Ground spoilers (landing roll-out or take-off abort) See Figure 9.46 for a typical spoiler layout.
Roll Spoiler System Operation

Some of the spoiler surfaces on each wing assist the ailerons for lateral control. Movement of the down
moving wing spoilers occur as the control wheel (or stick) actuates the ailerons. The aileron system is
connected to the spoiler system in a mechanical or electrical way depending on theaeroplane.

Speed Brake System Operation

During flight, manually moving the pedestal-mounted lever aft will extend the flight spoilers on both
wings to serve as speed brakes. Different from the roll spoilers, speed brake surfaces are symmetrically
extended according to the handle position to a maximum of approximately 35° depending on the aero
plane. Use of aileron control during speed brake operation results in asymmetrical extension of the
spoilers to assist in lateral control.

Ground Spoiler System Operation

The system may be armed for automatic operation by selecting it on the speed brake lever. When the
system is armed, all spoilers (flight and ground) will fully extend (about 60°) after a combination of
signals from different systems which determines an unequivocal ground configuration of land-roll or
take-off abort. The following list shows the most used signals from other systems used for automatic
ground spoilerextension:

. Ground / flightsignal

. Wheel spinningsignal

. Throttle lever anglesignal

. Aeroplane speedsignal
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Fig. 9.43 Ground Spoiler Extension Logic (A320)
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Fig. 9.45 Spoiler Indication
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Fig. 9.46 Spoiler Layout

ROLL SPOILER FOR AL ERON ASSISTANCE

SPEED BRAKES PAHTIALLY EXTENDED

Fig. 9.47 Surface Configurations
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Fig. 9.48 Surface Configurations
On older aircraft, spoiler systems are controlled via a rather complex cable system. We took the MD80
as an example. This system features nearly the same functions as a modern system. Mechanical mixers
control the spoilers™ correct surface deflection to assist the aileron if a roll command is given.

As in modern systems, several criteria must be fulfilled to get a ground spoiler extension command, as
ground spoilers destroy a large amount of lift.
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Fig. 9.49 Cable Controlled Spoiler System (MD80) Torque Limiting

In flight, particularly where high rates of control are to be produced, the movement of the flight control
surfaces can result in loads which may impose excessive stresses on the aircraft structure. It is necessary,
therefore, under automatically-controlled flight conditions, to safeguard against such stresses, and
furthermore to safeguard against a servo system'runaway' condition which would cause control surfaces
to be displaced to their maximum hardover positions. Such safeguards are implemented by limiting the
torque applied by the servo-actuators, and also by allowing them either to slip, or to be completely
disengaged, in the event that preset torque limits are exceeded. The methods adopted usually depend on
either mechanical, electrical or electromechanicalprinciples.

Avrtificial Feel and Centring
Irreversible Systems

A hydraulically powered control system is said to be an

»irreversible system™ in that control forces from the pilot are transmitted, via the hydraulic system, onto
the control surfaces. However, aerodynamic loads on the control surfaces due to airflow hitting them,
are NOT transferred back to thepilot.

Any aerodynamic trim or control features, such as trim tabs or balance tabs, fitted to a hydraulically
powered control system will have no effect. However, they may be fitted to a control system which is
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hydraulically assisted (and thus maintain some direct, or cable, input from pilot to control surface).
»Q’ Feel

In a power-operated system the pilot™s control is connected to the control levers only, while the servo-
unit is directly connected to the flight control surface. Thus, the effort required by the pilot to move the
control column is simply that needed to move the control lever and control valve piston. It does not vary
with the effort required to move the control surface which is supplied solely by servo-unit hydraulic
power.

Since no forces are transmitted back to the pilot, the pilot has no “feel” of the aerodynamic loads acting
on the control surfaces. It is necessary therefore, to incorporate an “artificial feel” device at a point
between the pilot™s controls, and their connection to the servo-unit controllever.

A spring force is usually adequate. However, with elevators and rudders, it is common to have not only
a static spring force but also a variable hydraulic force or a spring force more or less compressed by an
electricactuator.

Another commonly used system for providing artificial feel, particularly in elevator and horizontal
stabilizer control systems, is known as ,,q" feel. In this system, the feel force varies with the dynamic
pressure of the air (i.e. 1/4 pV2 or ,,q") the pressurebeing sensed by a pitot-static capsule or bellows type
sensing element connected in the hydraulic powered controls such that it monitors hydraulic pressure,
and produces control forces dependent on the amount of control movement and forward speed of
theaircraft.

Fig. 9.51 is a typical artificial feel system using both spring and hydraulic feel. The elevator system is
shown, althoughthis artificial feel could be used in rudder or aileron systems. Artificial feel is essentially
varied as a function ofairspeed.

Fig. 9.50 Artificial Feel Unit
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Fig. 9.51 Artificial Feel Unit Lay-Out Flutter Damping
General

A phenomenon known as control surface flutter occurs at specific speeds (usually high speeds) and can
cause vibration of the airframe and in severe conditions can lead to structural divergence and
catastrophic failure of the structure.

Mass Balance Damping
One remedy for this is to set a specific mass some distance ahead of the control surface hinge- line, such

that its moment about the control surface hinge is equal and opposite to the mass- moment of the control
surfaceitself.

R {111 Hf'rl ! s ,___
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Fig. 9.52 The control surface mass balance can be seen on the Brltten Norman Islander’s aileron, on the
end of a rod projecting forward of the hinge line. Most other manufacturers hide the mass balance within

the wing structure

Hydraulic Flutter Dampers

Some larger aircraft are fitted with dampers to prevent the control surface from fluttering. On direct
operated cable systems, separate dampers are connected between the structure and the control surface.

When the surface is moved, the damper drive shaft is rotated moving the rotors in a silicone fluid. The
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stators and the fluid resist the movement of therotors.
The force necessary to rotate the drive shaft is equal to the internal

resistance of the damper and is proportional to the speed of the motion; the more rapid the motion, the
greater the resistance that is applied to the rotors. Normal movement of a surface is slow and is met with
little resistance from the dampers. Rapid movement such as that caused by flutter or gusts of wind is met
with greater resistance from thedampers.

On hydraulic actuated systems, the damping function is carried out by the actuator itself. Since there is
only one actuator in active mode in redundant systems, the other actuator acts as a damper. Most of the
actuators have a built in reservoir to maintain the damping function in case of hydraulic powerloss.

Fig. 9.53 Damper unit position

Fig. 9.54 Damper unit Yaw Damper General
Many of the high-speed jet aircraft with swept-back wings have the undesirable problem of Dutch Roll
flight characteristics. This is an oscillatory flight condition that can be very uncomfortable for the
passengers and, to counteract it, these aircraft are equipped with yawdampers.

All aircraft, particularly those having a swept-wing configuration, are subject to a yawing-rolling
oscillation popularly known as '‘Dutch Roll' but different aircraft exhibit varying degrees of damping, i.e.
the inherent tendency to reduce the magnitude of oscillation and eventual return to straight flight varies.
A sudden gust or a short uncoordinated rudder deflection produces a yawing motion, and this, in turn,
initiates the Dutch Roll oscillation. The vertical stabiliser and the rudder (if kept in a fixed streamlined
position) develop opposing forces that tend to offset the yawing
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motion, but as a result of the inertias of the aircraft™s motions, stabilisation is regained in the form of a
damped oscillation.

As the aircraft recovers from the Dutch Roll, the magnitude of the oscillations gradually decreases.
Thus, the Dutch Roll tendency may be comparatively mild in its effects and may, therefore, be tolerated
without recourse to corrective action either manually or automatically.

For some aircraft, however, the natural damping of the Dutch Roll tendency is dependent not only on the
size of the vertical stabiliser and rudder, but also on the aircraft's speed, the damping being more
responsive at high speeds than at low speeds. It is, therefore, necessary in such cases for corrective
action to be taken; such action requires displacement of the rudder in order to further assist the vertical
stabiliser in its stabilisingfunction, and is referred to as yawdamping.

It is usual therefore, for these aircraft to utilise a two-axis automatic control system with control about
the third axis, i.e. rudder control, being provided by a sub-system called a yaw damper.

The system is so designed that it can be operated independently of the automatic control system, so that
in the event that the aircraft must be flown manually, Dutch Roll tendencies can still be counteracted.
The system may be 'switched in' either by selecting a 'damper’ position of the main engage switch on the
automatic control system control panel, or by actuating a separately located yaw damperswitch.

In those aircraft having upper and lower rudder sections (e.g. Boeing 747) a yaw damper system is
provided for each rudder section.

Fig. 9.55 Yaw damper switches for the two rudder sections of the B747

A rate gyro senses the rate of yaw of the aircraft and sends a signal to the rudder servo that provides
exactly the right amount of rudder deflection to cancel the Dutch Roll before it gets enough amplitude to
be disturbing.

The yaw damper system provides the following functions:

. Dutch rolldamping

. Turn coordination in low speed manual flight to reduce the sideslip induced by theturn.

. Engine failure compensation. A command is generated to the rudder to counteract sideslip during
the transient induced by an enginefailure
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Fig. 9.56 Dutch Rolling Yaw Damper Systems

The operating fundamentals of yaw damper systems in general may be understood from Error!
Reference source not found.. The principal component of a system is the yaw damper coupler which
contains a rate gyroscope powered directly from the aircraft's 115 volts AC. supply, and the logic
switching circuits relevant to filtering, integration, synchronising, demodulation, and servo signal
amplification (gain). Servo amplifier output is supplied to the transfer valve of the rudder power control
unit; this unit differs from those used for aileron and elevator control in that it has an additional actuator
(the yaw damper actuator) and does not include the automatic control system engagemechanism.

The actuator is also mechanically linked with a valve that controls hydraulic pressure to the main
actuator, the piston rod of which is extended or retracted to position the rudder left or right respectively.
A lever which forms part of the linkage provides for mechanical summing of yaw damper input to the
power control unit, and an input from the rudder trim control system. Under manual control, inputs from
the rudder pedals also pass through the summing lever to operate the main actuator.

Before the system is switched on, the integration circuit within the coupler unit ensures that the system
is in synchronism; the yaw damper fail light is illuminated at this time. When the yaw damper switch is
at 'ON', DC power is applied to an engage relay in the accessory box, and on being energised, the relay
completes a circuit to the actuator solenoid valve in the power control unit to allow hydraulic fluid to
flow to the transfer valve; this is indicated by extinguishing of the fail light.

jnnnh—

Fig. 9.57 Yaw damper system

Whenever a yawing motion of the aircraft occurs, the rate gyroscope will be precessed and its sensing
element will produce an AC output appropriate to the direction and rate of movement.
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The signal passes through a filtering circuit that discriminates between frequencies associated with
flexing of the aircraft's fuselage, and with normal turns, so that only those frequencies related to Dutch
Roll are allowed to pass. The signal is then demodulated and amplified, and applied to the transfer valve.
The signal also passes through a circuit contained in the airspeed sensing section of an air data computer
and is varied as an inverse function of airspeed. This will be used to control the amplifier gain of the
correction circuit. The circuit may be of the potentiometric type, or of the switched gain type; the latter
being used particularly in digital air datacomputers.

The transfer valve directs fluid under pressure to the additional yaw damper actuator. Movement of the
actuator piston is transmitted to a control valve in the main actuator which, through its piston rod, then
moves the rudder in the required direction. The yaw damper actuator piston also positions the core of the
LVDT to produce a position feedback signal to cancel the rate gyroscope input when the actuator piston
rod has moved the required amount. The feedback signal is also supplied to a position indicator, the
display element of which moves left or right appropriate to the direction of control applied by the yaw
damper actuator.

“YAW DAMPER

Fig. 9.58 Yaw damper position indicator (Boeing 737)

When yaw oscillations have been damped, a constant signal passes from the LVDT to an integrator in
the coupler unit; the integrator output then builds up to assist the LVDT in centring the yaw damper
actuator, and thereby returning the rudder to its neutral position. The rudder pedals are not displaced
during yaw damper operation, i.e. the system is of the series- connectedtype.

A two-position test switch is provided to simulate the effects of oscillations, and when operated torques
are applied to the rate gyroscope causing it to apply left or right rudder as appropriate, to the power
control unit. Movements of the position indicator display element provide for monitoring of the position
feedback signal from theLVDT.

In order to compensate for differences in aerodynamic damping which in some aircraft can arise
between the landing flaps down and flaps up conditions the yaw rate gyroscope output signal is also
passed through a gain change circuit controlled by a relay that is operated by a flap position switch. The
control is such that energizing of the relay bypasses a resistance so as to produce a faster rate of
response when the flaps are down.

An automatic flight control system may be used in all modes with the yaw damper system engaged;
however the associated interlock circuit prevents the use of the control system when the yaw damper is
disengaged. When the control system is operating in the localizer mode, the yaw damper is supplied
with signals from the aileron control channel through a cross-feed circuit.

In manual control of the aircraft, if the pilot operates the rudder pedals at the same time that the yaw
damper is applying input to the rudder, the two inputs will be summed and the input to the rudder will be
modified accordingly.
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Control Loop

The block diagram of Error! Reference source not found, shows a typical yaw damper control loop. The
complete rudder channel may or may not perform other functions as seen before.
This is to say that the Dutch roll is only dampened, and therefore it is not eliminated.

In the signal source on the left of the block diagram, yaw rate or yaw acceleration is required. This
signal is typically supplied by the inertial reference system, a yaw rate gyro or yaw accelerometers.

The shaper/processor accomplishes whatever is necessary in the way of conversion, smoothing,
dampening, limiting, and gain control. Its output goes to the Dutch roll filter.

The Dutch roll filter is a band-pass filter, which attenuates all signals which are not at the frequency of
the Dutch roll. Its output is a continuously changing command for left rudder, then right rudder, then
back to left rudder and so on.

The servo amplifier amplifies this signal as required to control the servo and operate the rudder the
correct amount to eliminate most of the Dutch roll.

The small amount of Dutch roll that is not eliminated is represented with a dashed line coupling the
aeroplane to the signal source.

Yaw Damper

- - - - - -t e e e e e e e = A = Dutch Rell Damping Yaw Damper Actuator
= Turn Coordination
| 4 | - Engine Fail. Comp, Assist. |— .S
Li 1 Servo
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Signal Source Damging, Dutch Roll & ———-~{a]-~
hmEng, Filter t
Gain Control
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T - Rudder Trim
Rudder Control
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Fig. 9.59 Block Diagram

The yaw rate gyro senses the oscillations around the yaw (Z)axis.

The oscillation frequency which defines “Dutch Roll” isabout

0.25 Hz. The air data computer provides the computed airspeed for gain programming to the yaw
damper computer. At high airspeed the correction is smoother than at lowairspeed.

The Y/D servo output is applied to the rudder actuator to control the rudder. The steering signal will not
be felt at the pilot“spedals. The yaw damper authority on the rudder is about+2.5°.
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Yaw Damper Signals
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Fig. 3.1 Rudder Functions

The left diagram on Figure 9.61 illustrates an aeroplane flight path beginning at the left with a straight
path. It soon changes to a constant rate of turn to the right. Near the end it resumes a straight path.

The rate gyro output represents the 400 Hertz synchro signal developed by the rate gyro during this
flight path. When the aeroplane is flying straight ahead there is no output from the synchro.

During this time it is making a constant rate of turn, and the output is of a particular phase with
constantamplitude.

The DC graph shows the demodulated and filtered output of a Dutch roll filter. Only during the time that
the rate of turn is changing is there an output from the Dutch roll filter.

The right diagram on Figure 9.61 shows the flight path and the changing turns that occur during a Dutch
roll. In a Dutch roll manoeuvre the rate of turn is constantly changing. Since the rate of turn is constantly
changing, the output of the rate gyro is constantlychanging.
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The DC graph is the Dutch roll filter output resulting from the rate gyro input. The DC polarities are
greatest when the rate of turn is greatest, and reverse when the direction of turn (phase of gyro signal)
reverses.

The Dutch roll filter is a narrow band pass filter designed to pass only signals which change at the
frequency of the Dutch roll, which range from 1/5 Hz to 1/3 Hz. The rate gyro produces outputs for all
turns, but only those related to Dutch roll will

appear at the input to the servo amplifier driving the rudder servo motor.
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Fig. 9.61 Dutch Roll detected by Yaw Rate Signals
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Fig. 9.62 Dutch role filter Yaw Damper Servo
This actuator moves the output rod in a linear direction. The input to the rudder system is in series mode.
No movements at the rudder pedals are present. The rudder deflection is +/- 3-6°.
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Fig. 9.63 Servo linear type Mach Trim Mach Tuck
Mach tuck (also known as “tuck-under®) is dependent upon the dynamics of lift.

Mach tuck is the result of an aerodynamic stall due to an over- speed condition, rather than the more
common stalls resulting from boundary layer separation due to insufficient airspeed, increased angle of
attack, excessive load factors, or combination of those causes. As the aircraft's wing approaches its
critical Mach number, the aircraft is travelling below Mach 1.0. However, the accelerated airflow over
the upper surface of the cambered wing exceeds Mach 1.0 and a shock wave is created at the point on
the wing where the accelerated airflow has gone supersonic. While the air ahead of the shock wave is in
laminar flow, a boundary layer separation is created aft of the shock wave, and that section of the wing
fails to produce lift.

In most aircraft susceptible to Mach tuck, the camber at the wing root, the section of the wing closest to
the fuselage, is more pronounced than that of the wing tip. This design ensures that in a standard stall the
root will stall before the tips. This allows the pilot to recognize the stall while still maintaining control of
the ailerons to enhance stall recovery. However, this also means that when an airfoil exceeds its critical
Mach number, the shock wave, and resulting stall condition, will begin to form at the root.

A second design element that leads to Mach tuck is that many aircraft which will approach the speed of
sound are designed with swept wings. The centre of pressure of a wing is an imaginary point where the
summation of all lifting forces across the wing's surface can be resolved into a single lift vector. When
the wing root stalls, the centre of pressure of the (reduced) lift being generated by the wing is shifted
towards the wing tip. With a swept wing, this also means that the centre of pressure travels aft (because
it is travelling out from the wing root and therefore backwards as the wing sweeps). When the centre of
pressure moves aft, its movement rearwards compared to the unmoving centre of mass of the aircraft
will generate a force which will act to depress the nose of the aircraft; this nose down pitching moment
1s “Machtuck."

As the wing becomes more affected by the shock wave the centreof pressure will continue to travel aft,
thereby causing a significantly higher nose-down force and requiring a nose-up input or trim to maintain
level flight. Although Mach tuck develops gradually, if it is allowed to progress significantly, the centre
of pressure can move so far rearward that there is no longer enough elevator authority available to
counteract it, and the aeroplane enters a steep, sometimes unrecoverabledive.

In addition, until the aircraft goes supersonic, as the shock wave goes towards the rear, because of the
faster flow there the top Shockwave will impinge upon the horizontal stabilizer and elevator control
surfaces further back than the lower Shockwave; this can greatly exacerbate the nose down tendencies.
The horizontal stabilizer at the tail of the aircraft generates a downward force, so loss of effective
horizontal stabilizer area will reduce this downward force, so the tail will pitch up and the nose will
pitch down. If the shock wave affects the elevators, it may reduce their effectiveness, making it
impossible for the pilot to alter the aircraft'spitch.

Finally, there is a related condition that can exacerbate Mach tuck. If enough of the wing surface
becomes engulfed in the shock wave, the wing will not produce enough lift to support the aircraft, and a
standard stall will occur. This often fatal combination of overspeed and aerodynamic stall can most
easily be avoided by not allowing the effects of Mach tuck to develop beyond its incipient stage. This is
best accomplished by retarding the throttle, extending speed brakes, and if possible, extending the
landing gear. Any actions, which would increase aerodynamic drag and thus reduce airspeed below
critical Mach, will prevent further aggravation of thecondition.

Fuel Transfer
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For aircraft such as supersonic fighters/bombers or supersonic transports such as Concorde that spend

Forward A
Trim Tanks . =

/y/ﬁam and Feed Tanks

long periods in supersonic flight, Mach tuck is often compensated for by moving fuel between tanks in
the fuselage and tail (trim tank) to change the position of the centre of mass. This minimizes the amount
of trim required and keeps the changing location of the centre of pressure within acceptable limits, and
negates the need for any control surface movement to counter the Mach Tuck.
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~

Fig. 9.64 Movement of fuel from forward tanks to aft tanks to move the centre of mass rearwards
Elevator/Stabilizer Trim

On most other large aircraft, Mach trim is automatically accomplished above about Mach 0.65
(depending on aircraft type) by adjusting the elevators with respect to the stabilizer as speed increases.
The Flight Control Computers use Mach information from the ADIRU to compute a Mach trim actuator
position. The Mach trim actuator repositions the elevator feel and centring unit which adjusts the control
column®s neutral position.

The Mach Trim system actually "over" compensates and trims the nose up more than it should to just
cancel the tuck-under. This is to comply with the EASA CS-25 requirement for minimum stick force
stability.

The Specification is that at least 11b of stick force is required for every 6 kts change in speed. The
normal reaction is termed as positive stick force stability. If speed increases the pilot must push forward
on the stick by a minimum of 11b for every 6 kts.

As in the case of a yaw damper, it is a sub-system to an automatic control system in that it can be
operational whether or not automatic control is engaged.

The principal components of the system are a trim coupler unit, an actuator, a test switch and a failure
light. The coupler unit is electrically connected to an air data computer from which it receives signals
corresponding to airspeed in terms of Mach number. It contains all the logic circuits necessary for the
processing of the signals and their amplification before supplying them to the trim actuator.

The actuator consists of a 115 volts 400Hz single-phase motor which drives a screw type shaft through a
gear train. The shaft is connected to the stabiliser via the neutral shift mechanism, while the actuator
body is pivoted to the elevator feel and centring unit. A brake mechanism supplied with 28 volts DC
from the trim coupler unit unlocks the actuator to allow its movement when engaged and operating.
Switches are provided to limit actuator motion at its fully extended and retracted positions.

At airspeeds below the value preset for the aircraft type (0.715M in one particular case) the Mach trim

638



actuator is inoperative and itsshaftisinthefullyextendedposition.Asspeedincreases and exceeds the set
value a signal is supplied from the trim coupler unit to release the brake, and a speed signal from the air
data computer is supplied to the motor which then rotates the screwed shaft. Since the shaft is connected
to the stabiliser via the neutral shift mechanism the actuator body itself is traversed along the shaft.
Movement of the body also rotates the feel and centring unit, and assuming that the automatic control
system pitch channel is not engaged, the main control valve of the power control unit will be directly
actuated and displacement of the unit will move the elevators up so that they counteract the ,,tuck under*
effect. The Mach trim actuator motor drives a CX synchro that provides a position feedback signal to the
coupler unit After demodulation it is supplied to the servo amplifier and when it opposes the command
signal no further control is applied by the actuator motor. In addition to a pre-set 'start' value of Mach
speed, there is also a corresponding value at which command signals arelimited,

e.g. the speed value of 0.715M referred to earlier has a corresponding limit value of 0.815M. The
elevator correction versus the Mach number values quoted is shown graphically in Figure 9.66. The
change in elevator correction commanded at 0.78M is produced by second stage amplification of the
signal within the coupler unit.

Figure 9.65: Mach trim circust

Fig. 9.66 Mach trim elevator correction

When the aircraft's speed decreases, the command signal also decreases, and so the position feedback
signal now predominates to drive the trim actuator back to the extended position. When this

is reached, the circuit to the actuator motor is interrupted, and the elevators will at that time have been
returned to their neutral position.

It will also be noted from Figure 9.65 that the air data computer provides two Mach speed signal data
outputs to the trim coupler unit. These signals are of equal value and are supplied to a command channel
and a 'model’ channel. As the command channel is supplying a signal to the trim actuator, the 'model’

639



channel furnishes a signal to a comparator circuit, in which it is compared to the feedback signal from
the actuator position synchro. These two signals should be of the same amplitude, but of opposite sign.
If the signals are not within tolerance, the circuit to the actuator motor is interrupted and this is indicated
by illumination of the fail indicatorlight.

The system operates in a similar manner when the pitch channel of the automatic control system is
engaged, except that the power control unit now moves the elevators up as a result of a command signal
being applied to its transfer valve from the pitch channel This signal is balanced against a feedback
signal from the power control unit's position transducer, and also a signal generated by the neutral shift
sensor as it responds to movement of the feel and centringunit.

The test switch is provided for checking system operation and control movements by simulating the
command signal input when speed is above the preset 'start' level, e.g. 0.715M. Since, under test
conditions, the feed-back signal from the Mach trim actuator is not equal to the output from the 'model’
channel of the coupler unit, the comparator circuit will cause the fail indicator light to illuminate.

Speed Trim
Some aircraft are fitted with a type of trim known as Speed Trim (mainly Boeing).

The speed trim system (STS) is a speed stability augmentation system designed to improve flight
characteristics during operations with a low gross weight, aft centre of gravity and high thrust when the
autopilot is not engaged. The purpose of the STS is to return the aeroplane to a trimmed speed by
commanding the stabilizer in a direction opposite the speed change. The STS monitors inputs of
stabilizer position, thrust lever position, airspeed and vertical speed and then trims the stabilizer using
the autopilot stabilizer trim. As the aeroplane speed increases or decreases from the trimmed speed, the
stabilizer is commanded in the direction to return the aeroplane to the trimmed speed. This increases
control column forces to force the aeroplane to return to the trimmed speed. As the aeroplane returns to
the trimmed speed, the STS commanded stabilizer movement isremoved.

STS operates most frequently during takeoffs, climb and go- arounds.

Rudder Limiter

The rudder control has the greatest aerodynamic authority over the aircraft™s control. So much so that an
aggressive rudder inputfrom the pilot can cause catastrophic structural damage of the tail section of
theaeroplane.

Large aeroplanes are provided with a rudder travel limiter to protect the empennage from overload in
case of inadvertent application of excessive rudder control at high speed. Some manufacturers call this
»Rudder Ratio” changing.

In older aeroplanes, the limiter operates by ram air pressure from its own pitot tube installed usually in

the leading edge of the vertical stabiliser. The higher the airspeed, the more ram pressure, resulting in
proportional restriction of rudder movement.
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Modern aeroplanes are provided with a computer controlled rudder travel limiter which receives
airspeed electrical signals from the air data system for travel limiting computation (Figure 9.53).
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Fig. 9.67 Rudder travel limiter
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Fig. 9.69 Rudder Ratio Changer input
Gust Locks

Gust Locks lock the flight controls when the aircraft is parked to prevent them from moving around and
causing damage to the flight controls and related system. Most modern large jet aircraft do not need
them as the flight controls are hydraulically controlled and when the hydraulic system is 'at rest,’ a
dampening device in the actuator automatically locks the flight control in a neutral position, or the
actuators themselves work as natural dampers if the hydraulic systems are depressurized.

Aircraft with cable operated control systems may be fitted with gust locks. The locking system consists
of a lever on the rear of the pedestal connected to spring loaded pins on each of the control surfaces
through a cable system. The pins are spring loaded to the off position in flight. Thus, if the cable fails in
flight, the controls stay unlocked.

Rigging of Cable Operated Flight Controls

The cable system rigging should be checked at specified periods, system maintenance and repair, after
heavy landings or abnormal flight loads to ensure that the components are not distorted and that the
angles of the control surfaces are within permitted limits. The relevant figures together with permitted
tolerances are specified in the appropriate manual for the aircraft concerned.

The usual method of checking rigging angles is by the use of special boards (or the equivalent) in which
are incorporated or on which can be placed an instrument for determining the angle, i.e. a spirit level or
clinometer as appropriate.

As different procedures apply for other aircraft types, adjustment of MD-80 ailerons has been taken as
an example. See Figure 9.70.

The following description is an extract from a maintenance manual
A. Adjust the System from Aileron Control Wheel to Torque Tube
1. Insert rig pin (4-4) in Rig hole (R-3) in aileron bus torque tube (AA)

. Torque tube and turnbuckles, located below flight compartment floor, are accessible through
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electrical/electronic compartment

2. Adjust turnbuckles (1) until tension is between minimum and maximum load per cable tension
table for 1/8-inch cables. (64- 68 Ibs)

3. Differentially adjust turnbuckles (1) to align index marks (View A) on the control column and the
control wheel is within 1/32inch

4, Safety all turnbuckles with clips

5. Remove rig pin (4-4) from the torque tube

6. Check aileron and control tab travel

B. Adjust System from Torque Tube to Lateral Control Mixer

Lateral control mixers are located in left and right main gear
wheelwells. Turnbuckles(2)areaccessiblethroughforward lower cargo compartment ceiling panels 5151C
for cables 7C, D. 5144C for cables B, C, D. 5156C for cables 8C, D, 9C, D

1. Open the main gear inboard doors and install the door safety locks

2. Insert rig pin (4-4) in rig hole (R-3) in torque tube(AA)

3. Adjust the turnbuckles (2) until tension is between minimum and maximum load per cable
tension table for 1/8-inch cables. (64-68lbs)

4, Differentially adjust turnbuckles (2) until rig pin (4-10) can be easily inserted in the rig hole (R-7)
in applicable lateral control mixer

5. Safety all turnbuckles withclips

6. Remove rig pin (4-4) and(4-10)

7. Check aileron and control tab travel

C. Adjust System from Lateral Control Mixer to Control Tab Sector

1. Extend Flaps to 40degree

2. Insert rig pin (4-10) in rig hole (R-7) in applicable lateral control mixer

3. Adjust turnbuckles (4) until tension is between minimum and maximum load per cable tension
table for 1/8-inch cables. (64- 68 Ibs)

4.  Differentially adjust turnbuckles (4) until rig pin (8-7) can be easily inserted in the rig hole (R-4)
through bracket, tab sector and bussector

5. Safety all turnbuckles withclips

6. Remove rig pin (8-7) and(4-10)

7. Check aileron and control tab travel
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Close up must be carried out as described in the maintenance manual. A flight control checkmust be
carried out if demanded in the manual.

VIEWD

Camtrol Column

Fig. 9.70 Rigging of Cable operated Flight Controls
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Fig. 9.72 Usage of Rig Pins

Stall Protection Systems General

Vs (Stall Velocity) are the calibrated stalling speed, or the minimum steady flight speed, in knots, at
which the aeroplane is controllable.

Most transport aeroplanes are equipped with a stall prevention and warning system. The system consists
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of computers which activate a prevention and warning mechanism as a function of angle of attack, flaps,
slats, horizontal stabilizer position and airspeed.

On some aircraft, when it nears stall speed, the slats are automatically moved to a position to prevent
stall. Manual control is then inhibited. At this stage the pilots are visual and tactile warned. A stick
(control column) shaker is used for tactile warning.

Note that most stall warning systems operate as a function of aircraft indicated airspeed. Such a stall
warning system will commence warning at a speed slightly above the stall speed, thus warning the pilot
that if the aeroplane speed drops any further, a stall will occur.

Stall speeds differ according to type of aircraft. Charts can be found in the operation manual to find the
minimum permitted speed with different configurations. On modern aircraft, the stall warning speed is
calculated in real time depending on the actual configuration (slat, flap, landing gear).
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See the stall speed chart in Figure 9.73 as an example.
Fig. 9.73 Stall Speed Chart (Airbus A310)
Stick Shaker
A stick shaker is a mechanical device to rapidly and noisily vibrate the control yoke (the "stick") of an

aircraft to warn the pilot of an imminent stall. It is connected to the control column of most large civil
aircraft.
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The stick shaker is a component of the aircraft's stall protection system, which is composed of wing-
mounted angle of attack (AoA) sensors that are connected to an avionics computer. The computer
receives input from the AoA sensors and a variety of other flight systems. When the data indicate an
imminent stall condition, the computer actuates both the stick shaker and an auditory alert.
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Fig. 9.74 Stick shaker system

The shaker itself is composed of an electric motor connected to a deliberately unbalanced flywheel.
When actuated, the shaker

induces a forceful, noisy, and entirely unmistakable shaking of the control yoke. This shaking of the
control yoke matches the frequency and amplitude of the stick shaking that occurs due to airflow
separation in conventional aircraft as they approach the stall. The stick shaking is intended to act as a
backup to the auditory stall alert, in cases where the flight crew may be distracted.

Stick Pusher

A stick pusher is a device installed in some fixed-wing aircraft to prevent the aircraft from entering an
aerodynamic stall. Some large fixed-wing aircraft display poor post-stall handling characteristics or are
vulnerable to deep stall. To prevent such an aircraft approaching the stall the aircraft designer may
install a hydraulic or electro-mechanical device that pushes forward on the elevator control system
whenever the aircraft”s angle of attack reaches the pre-determined value, and then ceases to push when
the angle of attack falls sufficiently. A system for this purpose is known as a stickpusher.

When a stall condition is detected an aural warning is activated and in most aeroplanes a stick pusher
actuator is activated, which moves the control column forward. This causes the aeroplane to reduce its
angle of attack and gain speed again. When it recovers out of the stall condition all warnings are
deactivated to permit the pilots™ continuing manual flight.

Figure 9.75 shows a pneumatically operated stick pusher system. This system is controlled by two
separate stall warning computers. To activate the stick pusher, both computers must detect a high angle
of attack.

The safety requirements applicable to fixed-wing aircraft in the transport category, and also to many
military aircraft, are very demanding in the area of pre-stall handling qualities andstall recovery. Some
of these aircraft are unable to comply with these safety requirements relying solely on the natural
aerodynamic qualities of the aircraft. In order to comply with the requirements aircraft designers may
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install a system that will constantly monitor the critical parameters and will automatically activate to
reduce the angle of attack when necessary to avoid a stall. The critical parameters include the angle of
attack, airspeed, wing flap setting and load factor. Action by the pilot is not required to recognise the
problem or react toit.

Aircraft designers who install stick pushers recognise that there is the risk that a stick pusher may
activate erroneously when not required to do so. The designer must make provision for the flight crew to
deal with unwanted activation of a stick pusher. In some aircraft equipped with stick pushers, the stick
pusher can be overpowered by the pilot. In other aircraft, the stick pusher system can be manually
disabled by the pilot.
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Fig. 9.75 Pneumatic Actuated Stick pusher System (Fokker 100)

Stall Strips
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On some smaller aircraft, where no slats are installed, they can be equipped with stall strips at the
wings™ leading edge. The purpose of the strips is to produce a small vortex which reaches the horizontal
stabilizer. If the angle of attack reaches an extreme angle, the pilot can feel the vibration caused by the
vortex via the elevator surface.

Fig. 9.76 Stall strips Fly By Wire Principle
The fly-by-wire system was designed and certified to render the new generation of aircraft even more
safe, cost effective, and pleasant to fly.
Flight control surfaces are all

. Electrically-controlled, and
. Hydraulically-activated

The stabilizer and rudder can also be mechanically-controlled.

Pilots use side sticks to fly the aircraft in pitch and roll (and in yaw, indirectly, through turn
coordination).

Computers interpret pilot input and move the flight control surfaces, as necessary to follow their orders.
However, when in “normal law”, regardless of the pilot™s input, the computers will prevent excessive

manoeuvres and exceedance of the safe envelope in pitch and roll axis. However, as on conventional
aircraft, the rudder has no such protection.
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Fig. 9.77 FBW basic layout Control Surfaces

The flight controls are electrically or mechanically controlled as follows:
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Pitch axis

. ElevatorElectrical

. Stabilizer Electrical for normal or alternatecontrol. Mechanical for manual trimcontrol
Roll axis

. AileronsElectrical

. SpoilersElectrical

Yaw axis

Rudder Mechanical, however control for yaw damping, turn coordination and trim is electrical.
Speed brakes

. Speed brakesElectrical

{ || |
AILERON -J . SPOILERS I'—— el ELEVATORS

Fig. 9.78 Airbus A320 control surfaces

Note: All surfaces are hydraulically actuated Cockpit Controls
Each pilot has a sidestick controller with which to exercise manual control of pitch and roll. These are
on their respective lateralconsoles.

The two side stick controllers are not coupled mechanically, and they send separate sets of signals to the
flight control computers.

Two pairs of pedals, which are rigidly interconnected, give the pilot mechanical control of the rudder.
The pilots control speed brakes with a lever on the centre pedestal. The pilots use mechanically
interconnected handwheels on each side of the centre pedestal to control the trimmable horizontal

stabilizer.

The pilots use a single switch on the centre pedestal to set the rudder trim.
There is no manual switch for trimming the ailerons.

Computers
Seven flight control computers process pilot and autopilot inputs according to normal, alternate or direct

flight control laws.
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The computers are

2 ELACS (Elevator AileronComputer)
For: Normal elevator and stabilizer control. Aileron control

3 SECs (Spoilers Elevator Computer) For: Spoilerscontrol
Standby elevator and stabilizer control

2 FACs (Flight Augmentation Computer) For: Electrical rudder control

In addition 2 FCDC

Flight Control Data Concentrators (FCDC) acquire data from the ELACs and SECs and send it to the

electronic instrument system (EIS) and the centralized fault display system (CFDS).
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Fig. 9.79 FBW computer system Pitch Control
Two elevators and the Trimmable Horizontal Stabilizer(THS) control the aircraft in pitch. The
maximum elevator deflection is 30° nose-up, and 11° nose-down. The maximum THS deflection is
13.5°nose-up, and 4°nose-down.
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Fig. 9.80 Pitch control system Electrical Control
In normal operations, ELAC2 controls the elevators and the horizontal stabilizer, and the green and
yellow hydraulic jacks drive the left and right elevator surfaces respectively. The THS is driven by N°1
of three electric motors.
If a failure occurs in ELAC2, or in the associated hydraulic systems, or with the hydraulic jacks, the
system shifts pitch control to ELAC1. ELAC1 then controls the elevators via the blue hydraulic jacks

and controls the THS via the N°2 electricmotor.

If neither ELAC1 nor ELAC?2 is available, the system shifts pitch control either to SEC1 or to SEC2,
(depending on the status of the associated circuits), and to THS motor N°2 or N°3.

Mechanical Control

Mechanical control of the THS is available from the pitch trim wheel at any time, if either the green or
yellow hydraulic system is functioning.

Mechanical control from the pitch trim wheel has priority over electrical control.
Elevators

Two electrically-controlled hydraulic servojacks drive each elevator. Each servojack has three control
modes.

. Active: The jack position is electrically-controlled.
. Damping: The jack follows surfacemovement.
. Centring: The jack is hydraulically retained in the neutral position.

In normal operation one jack is in active mode, the other jack is in damping mode.
Somemanoeuvrescause the second jack to become active.

If the active servojack fails, the damped one becomes active, and the failed jack is automatically
switched to the damping mode.

If neither jack is being controlled electrically, both are automatically switched
to centringmode.

If neither jack is being controlled hydraulically, both are automatically switched to damping mode.

If one elevator fails, the deflection of the remaining elevator is limited in order to avoid putting
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excessive asymmetric loads on the horizontal tail plane or rear fuselage.
Stabilizer

A screwjack, driven by two hydraulic motors, drives the stabilizer. The two hydraulic motors are
controlled by one of three electric motors, or the mechanical trim wheel.

Roll Control
One aileron and four spoilers on each wing control the aircraft about the roll axis. The maximum

deflection of the ailerons is 25° The ailerons ext end 5°down when the flaps are extended (aileron
droop). The maximum deflection of the spoilers is 35°.
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Fig. 9.81 Roll control system Electric Control
The ELAC 1 normally controls the ailerons. If ELACL1 fails, the system automatically transfers aileron
control to ELAC2. If both ELACS falil, the ailerons revert to the damping mode.

SEC3 controls the N°2 spoilers, SEC1 the N°3 and 4 spoilers, and SEC2 the N°5 spoilers.If a SEC fails,
the spoilers it controls are automatically retracted.

Actuation Ailerons

Each aileron has two electrically controlled hydraulic servojacks. One of these servojacks per aileron
operates at a time. Each servojack has two control modes.

. Active: Jack position is controlledelectrically
. Damping: Jack follows surfacemovement

The system automatically selects damping mode, if both ELACs fail or in the event of blue and green
hydraulic low pressure.

Spoilers

A servojack positions each spoiler. Each servojack receives hydraulic power from either the green,
yellow, or blue hydraulic system, controlled by the SEC1, 2 or 3.

The system automatically retracts the spoilers to their zero position, if it detects a fault or loses electrical
control.
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If the system loses hydraulic pressure, the spoiler retains the deflection it had at the time of the loss, or a
lesser deflection if aerodynamic forces push it down.

When a spoiler surface on one wing fails, the symmetric one on the other wing is inhibited.
Speed brakes and Ground Spoilers
Speed brake Control

The pilot controls the speedbrakes with the speed brake lever. The speedbrakes are actually spoilers 2, 3
and 4.

Speed brake extension is inhibited if:
. SEC1 and SEC3 both havefaults.

. An elevator (L or R) has a fault (in this case only spoilers 3 and 4 areinhibited).
. Angle-of-attack protection isactive.

. Flaps are in configurationFULL.

. Thrust levers above MCTposition

. Alpha flooractivation

If an inhibition occurs when the speedbrakes are extended, they retract automatically and stay retracted
until the inhibition condition disappears and the pilots reset the lever. (The speedbrakes can be extended
again 10 seconds or more after the lever is reset).

When a speedbrake surface on one wing fails, the symmetric one on the other wing is inhibited.

Note: 1. For maintenance purposes, the speedbrake lever will extend the N° 1surfaces when the aircraft
is stopped on the ground, whatever the slat/flapconfiguration.

When the aircraft is flying faster than 315 knots or Mach 0.75 with the autopilot engaged, the
speedbrake retraction rate is reduced (Retraction from FULL to in takes about 25seconds).

The maximum speedbrake deflection in manual flight is 40°for
spoilers 3 and 4, 20° for spoiler 2.

The maximum speedbrake deflection with the autopilot engaged is:
25°for spoilers 3 and 4, 12.5°for spoilers 2.

The maximum speedbrake deflection with the autopilot engaged is achieved with half speedbrake lever
deflection.

For these surfaces (which perform both roll and speedbrake functions) the roll function has priority.
When the sum of a roll order and a simultaneous speedbrake order on one surface is greater than the
maximum deflection available in flight, the same surface on the other wing is retracted until the
difference between the two surfaces is equal to the roll order.

Ground Spoiler Control

Spoilers 1 to 5 act as ground spoilers. When a ground spoiler surface on one wing fails, the symmetric
one on the other wing is inhibited
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Arming
The pilot arms the ground spoilers by pulling the speedbrake control lever up into the armed position.
Full extension

The ground spoilers automatically extend during rejected takeoff, at a speed greater than 72 knots, or at
landing when both main landing gears have touched down, when ground spoilers are

armed and all thrust levers are at or near idle, or Reverse is selected on at least one engine (other thrust
lever at or near idle), if ground spoilers were notarmed.

Note: In autoland, the ground spoilers fully extend at half speed one second after both main landing gear
touch-down.

The spoiler roll function is inhibited when spoilers are used for the ground spoiler function.

Partial extension

The ground spoilers partially extend (101) when reverse is selected on at least one engine (other engine
at idle), and one main landing gear strut is compressed. This partial extension, by decreasing the lift,
eases the compression of the second main landing gear strut, and consequently leads to full ground
spoiler extension.

Retraction

The ground spoilers retract after landing, or after a rejected takeoff, when the ground spoilers are
disarmed.

Note: If ground spoilers are not armed, they extend at the reverse selection and retract when idle is
selected.

Note: After an aircraft bounce, the ground spoilers remain extended with the thrust levers at idle.

The landing gear touchdown condition is triggered for both main landing gear either when their wheel
speed is greater than 72

knots, or when their landing gear struts are compressed and theradio altitude is very low (RA < 6 feet).

For the ground spoiler logic, idle signifies thrust lever position < 4°or < 15°when below 10 ft.
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Fig. 9.82 Ground spoiler logic diagram Yaw Control
One rudder surface controls yaw
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Fig. 9.83 Yaw control system Electrical Rudder Control

The yaw damping and turn coordination functions are automatic. The ELACs compute yaw orders for
coordinating turns and damping yaw oscillations, and transmit them to the FACs.

Mechanical Rudder Control
The pilots can use conventional rudder pedals to control the rudder.
Rudder Actuation

Three independent hydraulic servojacks, operating in parallel, actuate the rudder. In automatic operation
(yaw damping, turn coordination) a green servo actuator drives all three servojacks.

A yellow servo actuator remains synchronized and takes over if

there is a failure. There is no feedback to the rudder pedals from the yaw damping and turn coordination
functions.

Protections
The normal law protects the aircraft throughout the flight envelope, as follows:

. load factorlimitation
. pitch attitudeprotection
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. high-angle-of-attack (AOA)protection
. high-speedprotection
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Fig. 9.84 FBW protection system Load Factor Limitation
The load factor is automatically limited to:
. +2.5 g to -1 g for cleanconfiguration.
. +2 g to 0 g for otherconfigurations

Pitch Attitude Protection

Pitch attitude is limited to:

. 30°nose up in conf. 0 to 3 (progressively reduced to 25°at low speed).
. 25° nose up in conf. FULL (progressively reduced to 20°at lowspeed).
. 13°nosedown(indicatedbygreensymbol“="“onthePFDs

pitch scale).

The flight director bars disappear from the PFD when the pitch attitude exceeds 25° up or 13°down.

They return to the display when the pitch angle returns to the region between 22°up and 10°down.

High Angle of Attack Protection

Under normal law, when the angle of attack becomes greater than aprot, the system switches elevator
control from normal mode to a protection mode, in which the angle of attack is proportional to sidestick
deflection. That is, in the aprot range, from aprot to amax, the sidestickscommands directly. However,
the angle of attack will not exceed amax, even if the pilot gently pulls the sidestick all the way back. If

the pilot releases the sidestick, the angle of attack returns to aprot and staysthere.

This protection against stall and winds hear has priority over all other protections. The autopilot

disconnects at aprot +1°.
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Fig. 9.85 Angle of attack protection
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Vaprot, Vafioor, Vamax vary according to the weight and the configuration.

To deactivate the angle of attack protection, the pilot must push the sidestick:
. More than 8°forward,or
. More than 0.5°forward for at least 0.5 seconds, when a<amax

In addition, below 200 feet, the angle of attack protection is also deactivated, when
. Sidestick deflection is less than half nose-up, and
. Actual a is less than aprot-2°.

The Qfioor function is available from lift-off to 100 feet RA beforelanding.
High-Speed Protection

The aircraft automatically recovers following a high speed upset. Depending on the flight conditions
(high acceleration, low pitch attitude), the High Speed Protection is activated at/or above Vmo/Mmo.

When it is activated, the pitch trim is frozen. Positive spiral static stability is introduced to 0° bank angle
(instead of 33°in normal law), so that with the sidestick released, the aircraft always returns to a bank
angle of 0° The bank angle limit is reduced from 67°to 45°. As the speedincreases above Vmo/Mmo, the
sidestick nose- down authority is progressively reduced, and a permanent nose-up order is applied to aid
recovery to normal flight conditions.

The High Speed Protection is deactivated when the aircraft speed decreases below VYmo/Mmo, where
the usual normal control laws are recovered.

The autopilot disconnects when high speed protection goes active.

3

High speed protection symbol:
Two green bars at VMO + 6 -

-

5

S

Fig. 9.86 High speed protection
Note: The ECAM displays an “0/SPEED” warning at VMo + 4 knots and MMo + 0.006.
Normal Law
When the aircraft is on the ground (in "on ground” mode), the sidestick commands the aileron and roll

spoiler surface deflection. The amount of control surface deflection that results from a given amount of

sidestick deflection depends upon aircraft speed. The pedals control rudder deflection through a direct
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mechanical linkage.

When the aircraft is in the “in flight” mode, normal law combines control of the ailerons, spoilers
(except N°1 spoilers), and rud der (for turn coordination) in the sidestick. While the system thereby
gives the pilot control of the roll and heading, it also limits the roll rate and bank angle, coordinates the
turns, and damps the Dutch roll.

The roll rate requested by the pilot during flight is proportional to the sidestick deflection, with a
maximum rate of 15°per second when the sidestick i s at the stop.

When the aircraft is in “flare” mode, the lateral control is the same as in "in flight” mode.
Bank Angle Protection

Inside the normal flight envelope, the system maintains positive spiral static stability for bank angles
above 33° If the pilot releases the sidestick at a bank angle greater than 33° the bank angle automatically
reduces to 33°. Up to 33°, the system holds the roll attitude constant when the sidestick is at neutral. If
the pilot holds full lateral sidestick deflection, the bank angle goes to 67°(indicated by a pair of green
bar lines “=* on the PFD) and no further.

If the angle-of-attack protection or high speed protection is operative, the bank angle goes to 45°and no
further, if the pilot holds full lateral sidestick deflection. If high speed protection is operative, the system
maintains positive spiral static stability from a bank angle of 0° so that with the sidestick released, the
aircraft always returns to a bank angle of 0°

When bank angle protection is active, auto trim is inoperative.

If the bank angle exceeds 45° the autopilot disconnects and the FD bars disappear. The FD bars return
when the bank angle decreases to less than 40°.

BANK ANGL