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Anotace

Diplomova prace se zabyva ptfedstavenim, popisem a vytvorenim modelu postranni fidici
péky pilota s aktivni silovou zpétnou vazbou firmy Honeywell International Inc. v prostiedi
MATLAB Simulink. Dale pak ptedstavenim problému pilotem indukovanych oscilaci a
moznostmi jejich ptedchazeni, detekce a potlaceni. Model fidici paky se silovou zpé&tnou
vazbou je pouzit pro potlaceni detekovanych oscilaci v simulaci letounu.
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Diploma thesis is to present, describe and develop a MATLAB Simulink model of an active
side stick controller by Honeywell International Inc. company. Second part of thesis deals
with pilot-induced oscillation phenomena and methods to prevent, detect and suppress them.
Active force feedback equipped side stick model is used to suppress oscillations detected
during aircraft simulation.
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1. Introduction

Evolution of flight control systems led to use of hydraulic circuits and digital signal
processing. Although this system is without question advantageous removing the mechanical
linkage causes loss of natural force feedback in cockpit controls. The purpose of this thesis is
to sum up methods of introducing force feedback into pilot cockpit controls artificially to
restore haptic situation awareness and to present active side stick assembly and its features.
Force feedback controls are necessary in fly-by-wire aircraft control applications where direct
mechanical linkage between pilot and aircraft control surfaces is removed. Active force
feedback allows authentic reproduction of aerodynamic forces induced on control surfaces
into cockpit controls and thus significantly reduces pilot workload and improves air transport
safety.

Thesis is divided into two main parts. First part deals with active side stick
introduction (chapter 2) and development of a simulation model (chapter 3). A MATLAB
Simulink model is developed to demonstrate force feedback mechanism and cooperation of
two interconnected active side sticks. Aircraft simulation is used to determine adequate forces
to be presented into the side stick. A simple pilot behavior model is used to control the aircraft
closed loop system.

Second part of the thesis deals with pilot-induced oscillations phenomena, sums up
oscillations categories and their respective causes (chapter 4) and focuses on prevention,
suppression and mitigation of oscillations originating from surface rate or position limiting in
combination with disproportional pilot responses during high demanding tasks (chapter 6).
Several suppression schemes are presented, advantages and disadvantages of individual
schemes are described and results from simulations are compared. Next, an oscillations
detection algorithm is reproduced and used in combination with oscillations suppression
methods to confirm its effectiveness. Active force feedback side stick model is then connected
to aircraft simulation (described in chapter 5) and force feedback is used for pilot-induced
oscillations suppression.

10
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2. Flight Control Systems

A flight control system (FCS) is a device or set of devices providing coupling between
the pilot and the aircraft allowing the pilot to control aircraft movement. A conventional FCS
for fixed-wing aircrafts consists of aircraft control surfaces (primary control surfaces
commonly including ailerons, elevators and rudder; secondary control surfaces may include
flaps, slats, spoilers or lift dumpers, trim tabs, etc.), cockpit control mechanism and linkages
providing connection between cockpit controls and control surfaces. Also engines and engine
controls are considered as part of the FCS as they influence overall behavior of the aircraft.

During the first controlled gliding flights (the earliest well-documented controlled
flights were performed by Otto Lilienthal near year 1891) the movement of the plane was
controlled only by shifting pilot’s body, i.e. relocating the center of gravity, which can be
hardly considered as a FCS from today’s point of view. The first attempts to control aircraft
movement by deflecting a control surface have also been performed by Otto Lilienthal [1].
The control system of Lilienthal’s gliders was obviously designed as a purely mechanical
assemblage. The aileron control surface, for example, was end part of the wing, which could
be wrapped downwards changing the wing’s airfoil and angle of attack of the curved part of
wing, thus increasing lift force on one part of the wing. The control parts of surfaces were
connected by a set of wires to a hoop actuated by pilot. This layout was then adopted by all
other aircraft manufacturers and developed further. Lilienthal’s hoop became a stick and the
control surfaces were separated from the wing body for easier movement. However the
evolution of mechanical connection assembly was not as distinctive. Although in a way much
more complex than couple of wires and pulleys the mechanical connection between cockpit
controls and control surfaces is common in all small aircrafts these days.

As the aircrafts became larger (due to required larger transport capacity) the control
systems became more complicated, more parts were needed for the connection and the weight
of the parts rise. Also the aerodynamic forces generated on control surfaces enlarged due to
higher speeds, larger control surfaces and added friction in control mechanism and controlling
of such large aircraft became more difficult or even impossible. To decrease forces present in
cockpit controls a hydraulic circuit was added. With hydraulic actuation pilot controls only
the hydraulic valves which then move the control surface to desired position.

11
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Down Spring

Autopilot Pitch Servo
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orward Sector

Figure 2-1: Example of Reversible Flight Control System [2]

2.1.  Fly-by-wire

The hydro-mechanical FCS solved only one of issues preventing of building larger
aircrafts. There still was a mechanical circuit inclinable to breakages or jamming, with weight
and complexity unacceptable in modern aircraft. For these reason the whole connection
between cockpit controls and surfaces was replaced by an electrical interface. The pilot’s
actions on the cockpit control are converted via set of sensors to electrical signals which are
then processed by a computer and passed to actuators deflecting the control surfaces (either
by opening hydraulic valve or moving an electric actuator). Communication between all parts
of such FCS is done by electrical wires, hence the term fly-by-wire (FBW).

This solution brings many advantages. Apart from the weight and mechanical
complexity reduction mentioned above, maintenance time of such system is reduced as the
system can check its connection itself, without a technician required to inspect the linkages.
Processing the signals by a computer also allows the manufacturers to equip the plane with
functions reducing pilot’s workload and improving aircraft handling qualities. The computer
can modify aircraft flight characteristics and with high rate of operations per second is able to

12
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control the aircraft even when it is dynamically instable. The FBW FCS can also provide
warnings for dangerous maneuvers (stall, over bank ...) or can even limit pilot’s actions due
to flight envelope protection reasons. Time required for training a pilot for a new airplane
type can be also significantly reduced if FBW systems of several airplanes make their
dynamics similar to each other. The computer can host or elaborate the autopilot function and
other high level functions and control laws. Price of such system is then limited mainly by
price of the software development.

The disadvantages of the FBW FCS come mainly from dependability of the computer
and the sensors. For safety reasons the system must be redundant, so in case of failure its
functionality is not compromised. The computers, all wires, sensors and also actuators are
doubled or tripled to prevent any malfunction and system must detect any failure and bypass
or vote out the faulty hardware. This multiplication partially vitiates the weight reduction but
IS necessary for safety reasons. With implementation of system monitors, advanced
controllers and regular maintenance reliability of modern FBW systems improved so
drastically that it is commonly used in civil air transport and the manufacturers can focus on
other issues caused by removing the mechanical linkage between pilot and aircraft.

2.2.  Cockpit controls

Cockpit controls undergone a rather gentle evolution contrary to the flight control
systems. Lilienthal experimented with different controls designs and probably all of them
were revised during the history of controlled flight. Wright brothers for example used a lever
for elevation control; many later designs were using a control wheel. Experiments with
cockpit controls shape generally led to three basic designs used today:

e A center stick is truly widespread in small aircrafts, both civil and military. Center
stick is basically a lever placed between pilot’s legs (hence “center” stick). Pilot
controls elevation by pushing or pulling the stick in longitudinal direction and banking
by moving the stick in lateral direction. The center stick can be hold by left or right
hand based on cockpit controls layout and often carries several buttons and switches
so pilot doesn’t have to release the controls when for example communicating over
radio.

e A control column with control wheel is a larger version of center stick. It is also
placed in front of pilot and elevation control is performed by pushing and pulling the
column as well. The difference lies in the control wheel. Pilot operates the banking by
turning a wheel similar to car’s wheel, so there is no lateral motion of the column. The
wheel itself has many shapes, from a full hoop to U, V or W shaped “yoke”. This
design is used in larger aircrafts where larger control forces are required.

13
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e A side stick is again similar to the center stick. Apart from the previously mentioned
solutions side sticks are located on the side console of the pilot, either on the left or
right side. This design is typically found on aircrafts equipped with fly-by-wire FCS.

All of described elevation and banking control designs are complemented by pedals
for yaw control and engine controls in powered planes.

In non-FBW applications where physical link is present, pilot is alerted of aircraft
response by force generated in the control stick by aerodynamic forces present on deflected
surfaces. Removing of the physical link causes a need for artificial feel devices to simulate the
aircraft response. There are several ways with different complexity being used to generate the
force feedback in cockpit sticks:

e The easiest approach to present a force making pilot aware of a stick deflection is to
include a spring mechanism centering the stick into neutral position. This approach,
commonly named as passive stick approach, has a general advantage in its mechanical
essence. No electrical power is needed for the centering spring. The main
disadvantage is the lack of response to changes of aerodynamic forces generated on
control surfaces. The dependency between airspeed and stick forces, for example, is
not presented into the passive stick.

e Spring centering with electrically modified force gain can be used to simulate
dependency between airspeed and stick forces. An actuator (perhaps a servomotor) is
used to preload the centering spring when the airspeed increases. Such approach is
sufficient to simulate airspeed force gain but can’t reliably accommodate advanced
functions as the pilot — copilot stick coupling and may not be satisfactory while
performing high demanding tasks such as airborne refueling or landing. Also the
number of springs and related actuators needs to be relatively high to modify stick
characteristics independently in both axes [3].

e The newest solution to implement the artificial feel of aircraft responses is to present
the surface generated forces into the stick directly by an actuator. The centering force
of the spring is replaced by a torque generated by a servomotor or hydraulic valve.
Such stick is called an active stick, due to active effect of the actuators to the pilot’s
force feedback. The magnitude of inserted force may be computed either from force
sensors implemented in surface actuators or from a mathematical model of the
airplane. The force produced by the copilot on his stick can be summed with the
aircraft response forces creating a simple implementation of pilot — copilot stick
coupling. Pilot — copilot coupling means not only presenting forces from one stick to
the other but also mutual position tracking. This is the main difference from passive
stick as there is no way the passive stick can change its position to track either second
stick deflection, autopilot actions or control surfaces movements. Next with sufficient
stick actuator torque and response speed of the actuators advanced function can be
easily implemented to prevent stall, expeditious stick deflections or various
oscillations. The overall magnitude of forces presented in stick may be tunable so the
pilot can adjust the haptic feedback to suite his expectations.
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2.3. Honeywell Active Side Stick

Honeywell International Inc. (Honeywell) described and developed several versions
on the active stick assembly in a side stick design. Honeywell registered a patent describing
Active Control Stick Assembly [4]. The patent describes several versions of active stick
assembly where the most elaborated one incorporates two rotary actuators, one for each axis,
producing their torque to the stick body by cables (Figure 2-2). The stick support (84) is
housed in a crane (88) guiding the support’s spherical bottoms surface in a manner such that
the longitudinal axis of the support rotates with respect to one or both rotational axes. One
centering spring (92) passively biases control stick support body toward a null position,
creating a backup mechanical feedback device in case of power supply or actuator failure. The
rotary actuator (94) is mechanically linked to control stick support body via cables (96 and
98). During operation the rotary actuator instructed by a controller selectively retracts and lets
out cables to generate controlled torque about a rotational axis and thereby provide haptic
force feedback to control stick [4].

8O§\ 1-82
100 98 102
f_x?/-f' — i\
'y 4 o
o \atole
2R |
1

96 ROTARY ~_98
O——  ACTUATOR

94 A

l

Figure 2-2: Honeywell Active Control Stick Design

Honeywell side stick incorporates a force sensor measuring the force pilot is
producing to the stick. The measured force is used as a feedback to the rotary actuator
controller so the correct force magnitude against or along with the pilot action is generated.
The generated force itself is computed to simulate aircraft response as described above. In
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case when two sticks are connected in a pilot — copilot dual stick operation the generated
force is summed with force measured by the opposite stick force sensor to produce the copilot
actions into the pilot’s stick and vice versa.

The goal of this thesis is to produce a simulation model of the Honeywell active side
stick in MATLAB Simulink to prove this force feedback concept. Let’s review some of the
side stick’s features.

2.4.  Active Side Stick Functionality

The general function of the active side stick is the same as of all other pilot sticks — to
provide interface between pilot and the aircraft. This means there has to be several sensors
to measure pilot command. Common approach is to have separated sensor groups for the two
axes of stick rotation, the pitch axis and the roll axis. (pitch axis, i.e. longitudinal axis controls
elevation, pushing the stick in forward direction moves aircraft nose downwards for
descending, pulling the stick backward moves nose up; roll axis, i.e. lateral axis controls bank
angle, left deflection causes counterclockwise rotation, right deflection causes clockwise
rotation of the aircraft along longitudinal axis). These sensor groups are essential for aircraft
control and thus the safety of flight and are multiplied for this reason to conserve control
redundancy in case of any sensor failure. The common number of sensors for one axis is 4 to
6. More sensors are simply harder to place in limited area reserved for cockpit controls, less
sensors are inclinable for lowering handling qualities in case of one sensor failure (let’s
consider the case of two sensors: in case of one sensor failure there are two sets of data
received for one axis deflection without confirmation which set of data is valid; minimal
number of sensors per axis is therefore 3 to vote out the corrupted one).

Number of sensors corresponds to type of sensors used. More durable sensors are less
likely to fail and thus lower number of such sensors is required to meet safety requirements.
There is variety of angular position sensors available, but only several types are suitable for
an aircraft application. In gaming joysticks which imitate real cockpit controls we can find
virtually every imaginable sensor from low cost potentiometers which degrade quite rapidly
to Hall effect sensors in pricier devices. Hall effect sensors and different types of encoders
may be too bulky to mount higher number of them in aircraft side stick assembly. Common
approach uses Rotary Variable Differential Transformers (RVDT) due to sensors small size,
sturdiness, low sensitivity to temperature, voltage and frequency variations and simple and
therefore reliable control electronics [5]. Operating range of RVDTs is about +30 degrees
with great accuracy which is sufficient for stick position monitoring. Output from all RVDTs
is then compared and potentially faulty sensors are voted out, the rest of data is averaged and
enters the actuator control units.
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The other critical half of pilot to aircraft interface is a feedback from aircraft to
pilot. As mentioned above pilot should be aware of stick deflection in order to reliably control
the aircraft. Studies shows [6], [7] that force feedback is more natural to pilot and does not
increase the pilot’s workload. The feeling is natural and pilot is aware of situation without
excessive delays compared to for example visual feedbacks. This is the main active side
stick’s advantage. The aircraft response is generated in stick with high fidelity, similar to real
response of mechanically interconnected flight control systems. The force magnitude is
computed from current data from aircraft and can thus quickly respond to changes in airspeed,
angle of attack or normal acceleration. Forces presented to active side stick are of course not
the real forces at the control surfaces but are normalized not to exceed some defined maximal
amplitudes so even larger aircrafts are easy to control. It is very important that the maximum
amount of force artificially generated in stick is not too high to allow proper handling. Pilot
should be always able to achieve necessary stick position by applying greater force even when
motor is pushing in opposite direction. FBW equipped aircrafts often use functions to reduce
pilot authority to avoid some rapid maneuvers. These functions however include algorithms to
restore pilot authority when necessary, for example when pilot is using full stick deflection.
Similar algorithm can be used for the active feedback making the stick softer when in corner
positions if limiting force feedback would to be generated.

As stated in Honeywell active side stick patent [4], there are several ways to introduce
active force feedback into the stick. Required change in force magnitude can sometimes be
very steep. For this reason only several ways are considerable for sufficient force feedback.
We can rule out pneumatic and hydraulic systems for both slowness and large required area.
The best solution appears to be an electric actuator. Again because the space available in side
stick assembly AC motors are not applicable. In addition most aircrafts power supply is DC
[8] so there would be a need for additional electronics occupying more space. Current DC
motors on the other hand are very durable and powerful even in small sizes. With DC motor
we can achieve a high starting torque which is necessary for side stick application where the
motor doesn’t really turns but most of the time presents torque to stick held in place by the
pilot. More on the plus side, DC motors can be momentarily highly overloaded to generate
peak of force in the side stick and have relatively small mechanical time constant [9].

If we consider a nominal voltage about 20 volts DC and current up to 5 amperes we
can find number of suitable motors within sizes desirable for aircraft industry [10]. With a
planetary gearheads the motor is able to produce moments above 45 Nm which (for a
common 15 centimeter long stick grip) corresponds to 300 N of pilot force applied. This is
highly over recommended values for maximum control forces defined by FAA (see Table
2-1).
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Maximum Cockpit Control Forces Allowed

Cockpit control forces are given in
newton [N] as applied to the stick, Pitch Roll Yaw
control wheel or rudder pedal(s)

a) For temporary application:

Stick 270 135

Wheel (applied to rim) 330 270

Rudder pedal(s) 670
b) For prolonged application: 45 25 90

Table 2-1: Maximum Cockpit Control Forces Allowed by FAR 23 and FAR 25 (FAA Federal
Aviation Regulations), taken from [2].

As in the case of position sensors there is also required reliability and small demand
after service of the electric motors. This calls for use of brushless motors to enlarge period of
service caused by need to check and/or switch the worn brushes. It can be assumed the side
stick assembly will have brushless DC motor (BLDC for brushless DC or also EC for
electrically commutated).

If an electric motor is included in the assembly its sensors (if there are any) can be
used also for sensing the stick handle movement or position. Although the motor should be
primarily torque regulated it should always follow the stick posi