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Abstract

Pilot Induced Oscillations are still a serious safety problem in aviation. Especially in regard of the
continuous evolution of modem fly-by-wire flight control systems, PIOs seem to occur more
frequently. Although test pilots, flight test engineers and handling qualities specialists have dealt with
this phenomenon over the past three decades, it still is difficult to apprehend and all too often it
catches pilots as well as engineers by surprise. This report gives a brief overview of the mechanisms
and the contributing factors in pilot behaviour, in aircraft dynamics and in the environment that lead to

a PIO-condition.

A great effort has been made over the years to develop reliable tools, analytically as well as
experimentally, which are capable of identifying PIO-prone and PIO-resistant configurations. Five of
the most acknowledged, state-of-the-art frequency and time domain criteria for evaluating PIO-
susceptibility, based on linear aircraft dynamics, are introduced and compared. These are the Neal and
Smith Criterion (original definition), the Bandwidth/Pitch-Rate Overshoot Criterion, the Smith-
Geddes Criterion, the Gibson Phase Rate Criterion and the Gibson Dropback Criterion. These Criteria
are applied to two selected flight conditions of a linearised, small perturbations model of the F-4C
(Phantom II) aircraft, based on the longitudinal equations of motion. The responses of the
mathematical aircraft model, which is developed for this purpose using the state space method, arel
examined and verified with the MATLAB software package and the applicability/suitability of the
criteria for this configuration is assessed. Finally, similarities and differences in the application of the
| criteria, the utilised criterion parameters and the obtained results are discussed. The objective of this

exercise is to provide a consolidated review of current criteria for longitudinal PIO-evaluation.
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Notation

Abbreviations

AOA Angle of Attack

APC Aircraft-Pilot-Coupling

CAT Clear Air Turbulence

c.g. Centre of Gravity

FBW Fly-By-Wire

FC1 Flight Condition 1

FC 1-1 Flight Condition 1, SAS engaged, bobweight loop closed

FC 1-2 Flight Condition 1, SAS disengaged, bobweight loop closed

FC1-3 Flight Condition 1, SAS engaged, bobweight loop open

FC 14 Flight Condition 1, SAS disengaged, bobweight loop open

FC 1-5* Flight Condition 1, feel system and bobweight excluded, SAS engaged
FC 1-6" Flight Condition 1, feel system and bobweight excluded, SAS disengaged
FC3 Flight Condition 3

FC 3-1 Flight Condition 3, SAS engaged, bobweight loop closed

FC 3-2 Flight Condition 3, SAS disengaged, bobweight loop closed

FC 3-3 Flight Condition 3, SAS engaged, bobweight loop open

FC 3-4 Flight Condition 3, SAS disengaged, bobweight loop open

FC 3-5* Flight Condition 3, feelsystem and bobweight excluded, SAS engaged
FC 3-6 Flight Condition 3, feelsystem and bobweight excluded, SAS disengaged
FCC Flight Control Computer

FCS Flight Control System

HOS High Order System

LAHOS Landing Approach High Order System

" only applicable for Gibson Phase Rate Criterion
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Notation

N.A.

PA

PIO

PVS

SAS

SL

TF-Function

Not applicable

Power Approach

Pilot Induced Oscillations, Pilot Involved Oscillations, Pilot In-the-loop Oscillations

Pilot Vehicle System
Stability Augmentation System
Sea Level

Transfer Function

VMC Visual Meteorological Conditions

Standard Symbols

A State matrix

A(wy) = FH (@, )|, gain of pitch-attitude-to-stick-force-input response

es

Aerodynamic matrix

a-pw Normal acceleration at bobweight position

a.p Normal acceleration at pilot’s position

ey Normal acceleration at distance x from cg

ap Viscous damper, bellows pressure and bellows spring of artificial
feel system

a; Lumped viscous damping of artificial feel system

a Lumped inertia of stick

B Input matrix

b Input matrix

b Viscous damper of artificial feel system

C Output matrix

D Direct matrix

De(s) Pilot time delay transfer function (Dp(s)= e P*)

Fo Stick force (positive aft)

viii

[-]

[dB]

[-]

[fi/sec2]
[fi/sec2]
[fi/sec2]

[1b/in]

[lb/in/sec]
[lb/in/sec?]
[-]

[-]
[1b/in/sec]
[-]

[-]

[-]

(Ib]
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Fp(s) Pilot model transfer function [-]
Fau Bobweight force [Ib]
Fsr Stick force (positive aft) [1b]
Fir Stick force (positive aft), (= Fsr - Fgn) [1b]

Fiso Frequency at -180 deg phase lag [Hz]
g Acceleration due to gravity [ft/sec?]
isw =Zy —Xpw my

28w =Z,—Xpy M,

&sw =zg—xpy my—Uy

LW =Zyg—Xpy My

&saw =Zs, —Xpw Mg

Zre =z,—xm,

g =z, -xm,

2 =z,—xmy,-U,

L =zg—Xmg

&ox =I5, X Mg

h Altitude [ft]

I Identity matrix [-]

i The complex variable (V-1) (-]

K gain (-]
Kpw Bobweight gain ratio [lb/g]
K Gearing ratio {-]
Kp Pilot gain [-]
K, Pitch-SAS feedback gain [-]
L Distance to pilot’s position along the x-body axis from the cg [ft]

(positive forward)
M Mach Number -]

X
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M Normalised long?tudinal aerodynamic stability derivative — pitching [1/sec]
moment due to pitch rate
* Normalised longitudinal aerodynamic stability derivative — pitching 1/sec-ft]
M, 2
moment due to velocity and thrust
M, Normalised longitudinal aerodynamic stability derivative — pitching [1/sec-ft]
moment due to acceleration
My Normalised longitudinal aerodynamic stability derivative — pitching [1/sec-ft]
moment due to ‘incidence’
My Normalised longitudinal aerodynamic stability derivative — pitching [1/sec-ft]
moment due to downwash lag
Ms, Normalised longitudinal aerodynamic control derivative — pitching [1/sec?]
moment due to horizontal stabiliser deflection
m . Mass matrix -]
my Normalised longitudinal aerodynamic stability derivative — pitching
moment due to pitch rate (state space)
My, Normalised longitudinal aerodynamic stability derivative — pitching
moment due to velocity and thrust (state space)
ny, Normalised longitudinal aerodynamic stability derivative — pitching
moment due to ‘incidence’ (state space)
ms Normalised longitudinal aerodynamic control derivative — pitching
moment due to horizontal stabiliser deflection (state space)
Mg Normalised longitudinal aerodynamic control derivative — pitching
moment due to stick deflection (state space)
me Normalised longitudinal aerodynamic stability derivative — pitching
moment due to pitch attitude angle (state space)
Pyr Feel system parameter ' [ft2]
Pp(s) Pilot lead/lag compensation transfer function {-]
PR, PR,s Phase rate around neutral stability point, where ¢=-180 deg [deg/Hz]
p Roll rate [rad/sec]
q Pitch rate (positive nose up) [rad/sec]
q Pitch acceleration [rad/sec?]
q Dynamic pressure [1b/12]
qs Feelsystem parameter [1b/ft2]
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gss Steady-state pitch rate [rad/sec]

r yaw rate [rad/sec]

N Average slope in the pitch-attitude-to-stick-force-input gain plot [dB/octave]
between ®=2.0 rad/sec and ®=6.0 rad/sec (Smith and Geddes
Criterion)

s Laplace operator [-]

TA Actuator time constant [sec]

Tp; Time constant for pilot lead/lag compensation [sec]

Tp; Time constant for pilot lag compensation [sec]

U Total axial velocity [ft/sec]

Ug Axial component of steady-state velocity [ft/sec]

u linear perturbed velocity along the x,-axis (positive forward) [ft/sec]

u(t) Input vector [-]

u linear perturbed acceleration along the xy-axis (positive forward) [ft/sec2]

Vo Total linear steady-state velocity [ft/sec]

Y Total normal velocity [ft/sec]

W Normal component of steady-state velocity [ft/sec]

w linear perturbed velocity along the z,-axis (positive down) [ft/sec]

W linear perturbed acceleration along the zy-axis (positive down) [ft/sec2]

Xq Normalised longitudinal aerodynamic stability derivative — axial [1/sec]
force due to pitch rate

<* Normalised longitudinal aerodynamic stability derivative — axial [1/sec]

! force due to velocity and thrust

X, Normalised longitudinal aerodynamic stability derivative — axial [1/sec?]
force due to acceleration

Xw Normalised longitudinal aerodynamic stability derivative — axial [1/sec]
force due to ‘incidence’

Xy Normalised longitudinal aerodynamic stability derivative — axial [1/sec2]
force due to downwash lag

X4 Normalised longitudinal aerodynamic control derivative — axial [ft/sec? rad]
force due to horizontal stabiliser deflection

X Distance from cg [ft]

X1
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Xgw Distance to bobweight position along the x-body axis from the cg [ft]
(positive forward)

x(t) State vector [-]

x(t) Differentiated state vector [-]

Xp Longitudinal coordinate in body axes system [-]

Xg Normalised longitudinal aerodynamic stability derivative — axial
force due to pitch rate (state space)

Xy Normalised longitudinal aerodynamic stability derivative — axial
force due to velocity and thrust (state space)

Xyp Normalised longitudinal aerodynamic stability derivative — axial
force due to ‘incidence’ (state space)

X5, Normalised longitudinal aerodynamic control derivative — axial
force due to horizontal stabiliser deflection (state space)

Xo Normalised longitudinal aerodynamic stability derivative — axial
force due to pitch attitude angle (state space)

y(t) Output vector [-]

P Lateral coordinate in body axes system [1/sec]

V4 Matrix (pitch-SAS) [-]

Z4 Normalised longitudinal aerodynamic stability derivative — normal [1/sec]
force due to pitch rate

7* Normalised longitudinal aerodynamic stability derivative — normal [1/sec]

! force due to velocity and thrust

Z, Normalised longitudinal aerodynamic stability derivative — normal [1/sec2]
force due to acceleration

Zw Normalised longitudinal aerodynamic stability derivative — normal [1/sec?]
force due to “incidence’

Z Normalised longitudinal aerodynamic stability derivative — normal [1/sec?]
force due to downwash lag

Zs, Normalised longitudinal aerodynamic control derivative — normal [ft/sec? rad]

) force due to horizontal stabiliser deflection

zp Normal coordinate in body axes system [-]

zq Normalised longitudinal aerodynamic stability derivative — normal
force due to pitch rate (state space)

zy Normalised longitudinal aerodynamic stability derivative — normal
force due to velocity and thrust (state space)

Zyw Normalised longitudinal aerodynamic stability derivative — normal

force due to ‘incidence’ (state space)

X1i
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zs, Normalised longitudinal aerodynamic control derivative — normal

force due to horizontal stabiliser deflection (state space)
Z5 Normalised longitudinal aerodynamic control derivative — normal

force due to stick deflection (state space)
26 Normalised longitudinal aerodynamic stability derivative — normal

force due to pitch attitude angle (state space)
Greek Symbols
o Angle of attack perturbation [rad]
ay Steady-state (trim) angle of attack relative to fuselage reference line [rad]
AA Gain margin [dB]
AG(gq) Pitch-rate overshoot [dB]
APy w180 = Pwiso - Prarso [dee]
ABQ Attitude dropback [rad]
Ous Stick deflection [in]
S Horizontal stabiliser deflection from trim (positive for trailing edge [rad]

down)
5 s Horizontal stabiliser deflection rate [rad/sec]
5; Actuator input (=67 - & Scas ) [rad]
5, Pitch-SAS output, washed-out pitch rate [rad]
5 S Washed-out pitch acceleration [rad/sec?]
SAS

St Stick deflection after feel system gearing [rad]
5 ST Stick deflection rate (= wsz) [rad/sec]
5;7 Stick deflection [in]
y Flight path angle [rad]
% Steady-state flight path angle [rad]
¢ Phase angle [deg]
Pazp Phase angle of the normal acceleration-to-stick-force-input response [deg]

at pilot’s position

Xiii
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¢c azP = ¢(1:P(wm')-l4_3 (8 [deg]
Ber Phase angle at criterion frequency { = Fi( @)} [deg]
es

dp Pilot phase compensation angle [deg]

Peotso Phase angle at neutral stability frequency [deg]

P2coi80 Phase angle of twice the neutral stability frequency [deg]

w Frequency [rad/sec]

Dpw Pitch attitude bandwidth frequency (Neal & Smith Criterion) [rad/sec]

Wy Flight path bandwidth frequency (Bandwidth/Pitch-Rate Overshoot [rad/sec]
Criterion)

Wpwé Aircraft pitch attitude bandwidth frequency (Bandwidth/Pitch-Rate [rad/sec]
Overshoot Criterion)

W6 gain Frequency, where gain margin is 6 dB (Bandwidth/Pitch-Rate {rad/sec]
Overshoot Criterion)

@8wéphase  Frequency, where phase margin is 45 deg (Bandwidth/Pitch-Rate [rad/sec]
Overshoot Criterion)

@, Criterion frequency (Smith-Geddes Criterion) [rad/sec]

5T Stick deflection rate (= ) 1) [rad/sec]

Oy Stick acceleration [rad/sec?]

@135 Frequency, where phase angle assumes a value of —135 deg (phase [rad/sec]
margin is 45 deg)

@130 Neutral stability frequency/ frequency, where phase angle is [rad/sec]
—180 deg

Tp; Pilot time delay ‘ [sec]

- Aircraft pitch attitude phase delay (Bandwidth/Pitch-Rate Overshoot [sec]
Criterion)

0 Pitch angle (perturbation) [rad]

e Pitch rate [rad/sec]

B Pitch attitude command [rad]

6, Pitch attitude error [rad]

8, Steady-state pitch attitude angle [rad]
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1. PIOs, an Introduction

Ref. [5], [7], [10]-[14]

Inadvertent, destabilising pilot-aircraft interactions causing unwanted aircraft attitude and flight
path motions are most generally referred to as Aircraft-Pilot-Coupling (APC) events. They can be
either divergent or oscillatory in nature and occur through a variety of flight conditions. In the
latter case these phenomena are called PIOs — Pilot Induced Oscillations, Pilot Involved
Oscillations or Pilot In-the-loop Oscillations. They can happen on any aircraft but have had the
most devastating effects when encountered by very agile, high performance aircraft as only

recently documented in the accidents of the YF-22 and the JAS-39 “Gripen”.

APC events usually occur when the pilot is engaged in a highly demanding, closed loop control
task (which means the Pilot Vehicle System (PVS) is operated close to its stability margins) and a
sudden, abnormal change either in pilot behaviour, in aircraft dynamics or in the environment
takes place, creating mismatches between actual and expected aircraft responses, causing the
control system to become unstable. The following sinusoidal oscillations or divergences result
from the efforts of the pilot to simply maintain control and to impose his will on the aircraft and
differ greatly from deliberate oscillations caused by periodic stick motion such as stick pumping,
which is open loop in character. It is essential for an APC to occur, that the aircraft and pilot
dynamics form a closed loop feedback control system, since the pilot’s actions need to depend in
part on the motions of the aircraft in response to pilot commands. The pilot is said to be operating

closed loop or to be in the loop.

High gain tasks which are a prerequisite for these rare, unexpected interactions include in-flight
refuelling, formation flying, landing on the deck of an aircraft carrier, manual terrain following,
target tracking and landing in adverse weather conditions. Severe APC events are most
commonly due to deficiencies in the design of an aircraft and although the pilot is an essential
element, he cannot be made responsible. Nearly all of the documented APC-events have occurred
during flight testing. This may seem very comforting, since it is tempting to say, that this is the
perfect environment to track down causes and to eliminate them. Unfortunately, it cannot be ruled
out that these phenomena do not also occur when an aircraft has already entered operational
service. The reason, why so little is heard about APCs in operational service, is that, according to

McRuer in Ref. [13], the reporting mechanisms currently available are insufficient.

APC events can occur in pitch, yaw and roll respectively and in some cases they may involve two

or three axes simultaneously. This report focuses on PIOs as the oscillatory variant of APC
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events. Depending on the frequency, PIOs may be either attitude or flight path-related. If the
frequency is at or near the short period natural frequency, it is almost certainly path-related,
whereas, if the frequency is significantly higher, it is more likely to be attitude-related. The
severity can range from a harmless pitch-bobble, roll-ratchet or yaw chatter to a sustained, large
amplitude oscillation that may jeopardise the safety of the crew and aircraft. Small amplitude
oscillations such as pitch-bobble, roll-ratchet and yaw chatter with a frequency of 2 — 3 Hz are
characterised by relatively low control forces and are often encountered by novice pilots getting
used to a new configuration. They are sometimes also referred to as low order PIOs and consist of
continual tracking corrections (e.g. pitch bobble). It can happen on any aircraft and has been
experienced by most pilots. The majority of these oscillations may therefore be dismissed as a
common learning experience. They may also occur due to coupling of the aircraft motion and the
pilot’s arm, which can be modelled as a simple spring-mass-damper system and has a resonance
freduency between 2 and 3 Hz, depending on the neuromuscular tension (biomechanical P1O).
But in general, these oscillations are only temporary, easily corrected and not dangerous. The
fully developed, large amplitude PIO at the other end of the spectrum has a frequency of only 0.5
— 1 Hz but can have catastrophic consequences, if the aircraft design limits are exceeded or if
encountered within close proximity to the ground or other aircraft. These high order PIOs can be
associated with inadequate pilot-aircraft closed-loop stability margins due to excessive aircraft
gain and phase lag and may cause the pilot’s stick inputs to be out of phase with the aircraft
responses. In a situation were tight control is demanded, the pilot will tend to “overdrive”
unpredictably sluggish aircraft responses. He or she will apply excessive control, induced by lack
of immediate response, and will consequently produce an overshoot as the response eventually

follows. This is countered with a control reversal, leading to an oscillatory overcontrol situation.

There are numerous elements involved in a PIO, but generally these can be conveniently ascribed
to either pilot behaviour, the aircraft dynamics or the triggering events, which are explained

below.

Pilot Behaviour

The human pilot is the most unpredictable element in the PVS. Due to his or her uniquely human
ability to learn, to adapt to varying circumstances very quickly using a great variety of human

sensors and to establish a wide range of PVS organisations, he or she is “modifier”™ as well as

* McRuer, Ref. [11]
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&

“operating entity™ within the system. The gross number of available sensing mechanisms to
perceive and analyse perturbations in the environment and the strong influence of psychological
factors such as stress, motivation or even fear in emergency situations have great impact on pilot
behaviour and, depending on the individual mental constitution, may affect pilot actions in
various ways. All these characteristics seem to make it extremely difficult to derive an adequate
mathematical model of the pilot, suitable for PIO-prediction. But experience has shown, that the
spectrum of behavioural patterns needed to successfully control a complex system, which is
operated close to its stability margins, is very narrow. Therefore, it is possible to define
behavioural laws, which a pilot will necessarily have to comply with, if he attempts to cope with
such a demanding task. This makes his actions predictable and, more importantly, open to

mathematical analysis. The behavioural modes, which can lead to or influence PIO events, are the

following:

o In compensatory behaviour, as McRuer describes it in Ref. [11], “commands and
disturbances are randomly appearing and the pilot’s response is primarily conditioned on
system errors.” By exerting continuous closed-loop control, the pilot will attempt to minimise
the error between system input (i.e., desired aircraft attitude) and system output (i.e.,

perceived aircraft attitude).

e When command inputs and system outputs become distinguishable and the pilot is able to
preview system inputs, pursuit behaviour is attained. In this behavioural mode the pilot
applies open loop control in conjunction with compensatory, closed loop error correction
action. This type of pilot behaviour is common in many flight phases in VMC conditions,

where sufficient visual cues are available.

e The highest possible level of control is achieved with pure, open-loop, automatic or
precognitive behaviour. In this case the level of familiarity with the aircraft is so high, that
the pilot is able to generate control inputs, which will result almost exactly in the desired
aircraft response with nearly no follow-up compensatory action necessary. Just like pursuit

behaviour it is also a dual-mode form of control.

Aircraft Dynamics

The aircraft dynamics comprise the dynamics of elements such as the airframe, actuators,
Stability Augmentation System (SAS), inceptors (stick, pedals) and the artificial feel system.

Since there is a strong correlation between handling qualities and PIO-susceptibility (i.e., in case
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of poor handling qualities there is a high degree of PIO-susceptibility), there are a number of
design features/deficiencies, which may contribute to a strong PIO-tendency. For instance, if the
damping of the short period mode is insufficient, a greater susceptibility to PIOs can be expected.
The use of stability augmentation systems, different filters such as notch and anti-aliasing filters
in forward and feedback paths, actuators, feel systems, etc. are all sources for additional phase
lags. If the lags become excessive, a rapid deterioration of system performance and stability
results, possibly leading to a PIO-condition. SAS and other Flight Control System (FCS)-related
subsystems share control authority over control surfaces with the pilot. The pilot’s control
authority can be substantially reduced in situations, where SAS-inputs are given priority over
pilot-inputs, causing pilot-commands to be executed with significant delay. Time delays, which
stem from the finite processing time of Flight Control Computers (FCC), finite sampling rates,
etc. may also contribute to a PIO-tendency in unfavourable circumstances. In large aircraft,

control inputs may couple with structural modes of the flexible airframe.

Triggers

Triggers are initiating events, which lead to sudden, as described in Ref. [13], “cliff-like” changes
in pilot-vehicle system characteristics, immensely degrading system stability and damping and
thus producing a PIO. They may originate in the environment, the aircraft or the pilot. External
triggering events include gusts, windshear, Clear Air Turbulence (CAT), icing, vortex encounters

or the threat of a mid-air collision.

Aircraft-based triggering events usually involve transitions in the effective vehicle dynamics,
causing mismatches between the pilot’s control strategy and the predominant vehicle dynamics.
. These transitions may be caused by system failures, which suddenly compromise control
authority or control power (System failures can be a pitch-damper failure, failures in the
hydraulic system, actuator failures, etc.) or by modifications of the effective vehicle configuration
such as a reheat light-off or an unsymmetrical jettison of outer stores, which abruptly changes the
aerodynamic properties and causes the aircraft to be completely out of trim. Or they are due to a
shift in control laws, initiated, for example, by a weight-on-wheels switch, changing from “air” to
“ground” mode. A critical flight condition may be masked by the engaged autopilot and as soon
as manual control is assumed, the pilot is suddenly confronted with an aircraft that is on the verge
of a departure. All these incidents have a strong, imminent effect on the pilot, forcing him to shift

attention quickly and to perform quick, abrupt control actions, resulting in an increase of stress
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and pilot workload. If the aircraft is only marginally stable on its own, it may take only a small

increase in pilot gain to destabilise the entire system.

Changes in pilot behaviour are major sources for PIO-triggers as well. These triggers are very
often preceded by an environmental or aircraft trigger, causing the pilot to overreact or respond
inappropriately. A transition from pursuit to compensatory behaviour or from precognitive to
compensatory behaviour may significantly reduce the closed loop system bandwidth. Bandwidth
is the frequency range, in which the pilot can operate the aircraft closed-loop, without
compromising PVS stability. Such a change in behaviour can be observed extremely well in
carrier landings, where close tracking of the carrier deck for an on-spot landing is vital. Similar
behaviour may be seen in in-flight-refuelling, where a shift in visual cues takes place. After
aligning with the tanker-aircraft, the pilot will focus on the refuelling basket, switching from
initially measuring distances in feet or yards to inches. Additionally, task related stress in such

manoeuvres impairs the performance of the PVS even further.

1.1.  PIO-Development

After the triggering event has occurred and the effective aircraft dynamics have changed, while
the pilot is engaged in a full-attention, compensatory task, there follows a period called post
transition retention. In this stage of a PIO-development the pilot is still responding according to
the pre-transition vehicle dynamics. If his control actions are inappropriate to the “new” aircraft
dynamics, the closed-loop system stability may suffer, that is, the available closed loop system
bandwidth is dramatically reduced and a PIO may develop. Experience has shown that once the
PIO is fully developed the pilot progresses through several phases of adaptation and will
eventually synchronise his inputs with the ongoing sinusoidal oscillation. At first, he will not
recognise the periodic character of the oscillation and will treat it as a series of random
disturbances, trying to minimise the error (compensatory behaviour). But after a period of
adjustment, the pilot will duplicate the sinusoid without any phase lag up to a frequency of 3 Hz,
in which case the pilot can safely be approximated as a pure gain. This special type of

behavioural pattern is called synchronous precognitive behaviour.

The actual pilot input characteristics depend primarily on the type of inceptor used. Conventional
centre-sticks or control columns usually produce sinusoidal inputs, whereas short side-sticks often
create rectangular inputs, being fully deflected from backward mechanical stop to forward

mechanical stop (bang-bang-control).
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There are not many possibilities of stopping a fully developed PIO. First, the pilot needs to realise
that he is encountering a PIO. This in itself is not very straightforward because very often the
pilot will ascribe the oscillation to his or her poor piloting skill or to a malfunction within the
FCS. If he eventually does realise the condition, then one way to arrest the oscillation is to open
the loop by abandoning the task at hand by either releasing or freezing the stick. With the aircraft
left to its own devices, the oscillation will eventually fade away. But in some flight phases such
as landing, the pilot just cannot afford to relax control in close proximity to the ground and he
becomes locked into a behaviour that will actually sustain the oscillation. This has resulted in
many accidents. A further possibility is to counter the oscillation with very sharp, precise control

inputs, which is not always feasible, especially in turbulent atmosphere.

1.2. Classification of PIOs

PIOs are divided into three different categories.
Category [

“In Category I PIO phenomena, the effective aircraft dynamics are essentially linear and pilot
behaviour is also considered to be guasi-linear and time stationary” {McRuer, Ref. [11]}. This
means that during the PIO neither the effective aircraft dynamics nor the pilot’s dynamics change.
There are “no significant frequency-variant non-linearities” {McRuer, Ref. [11]} within the
aircraft control system such as non-linear stick sensitivity (break-out forces), command shaping
of input signals, hysteresis due to friction in mechanical control systems or the like and no mode
shifts in pilot behaviour. Susceptibility to a linear PIO can solely be associated with two factors,
one being “the pilot’s ability to close the PVS loop on a broad range of pilot generated gains
needed to achieve adequate closed loop system performance” {McRuer, Ref. [13]}. If the
effective aircraft gain is too high, the added gain of the pilot for the task at hand may drive the
system unstable. The other factor is excessive phase or time lag, which limits the possible range
of pilot-generated gains and reduces the neutral stability frequency (crossover frequency),
directly affecting closed loop system bandwidth and performance.

Category 1 PIOs are not always severe and fade away as soon as control is relaxed. They may
often be dismissed as a learning experience and are most likely to occur in cases of pilot
maladaptation to aircraft dynamics. In cases of major triggering events and disturbances in
conjunction with excessive time lags or inadequate available gain margin they do become severe

in conditions, where tight aircraft control needs to be sustained.
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Category 11

Category II PIOs are quasi-linear PVS oscillations with control surface-rate and position-limiting
as the only explicitly non-linear factors. Especially rate-limiting, a design feature intended to
protect the actuation system from excessive loads, can be a hideous contributor to PIO-
development in modern, Fly-By-Wire (FBW) aircraft. The pilot, being engaged in a high gain
task, may demand a surface deflection-rate, that is greater than physically possible and overrides
the actuation system. Since he or she has no reference about the actual position of the control
surface in relation to stick position, the pilot may ask for an opposite deflection-rate, while the
control surface is still travelling in the initial direction. This will introduce extra delay in the
aircraft response, making the pilot feel more and more “detached” because the aircraft reactions

no longer seem to correspond to pilot inputs.

Category II PIOs are always severe due to the fact, that the oscillation amplitudes need to be large
enough that rate and position-limiting become effective. Opposed to Category I this adds an

amplitude-dependent lag and sets the limit cycle magnitude.
Category 111

Category III PIOs comprise essentially non-linear PVS oscillations with transitions. They
fundamentally depend on non-linear transitions in either the aircraft dynamics or in the pilot’s
behavioural dynamics. A transition in aircraft dynamics may result from the large magnitude of
pilot commands, internal mode changes in the FCS (change in control laws) or changes in the
aerodynamic or propulsion configuration. Transitions in pilot behaviour include shifts in
behavioural laws (e.g. compensatory to synchronous precognitive), changing of cues (from pitch-
attitude to normal acceleration) and shifting attention and modifying control strategies to comply

with demanding, high gain tasks.
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2 Criteria for PIO-Assessment

The growing complexity of modermn FCSs introduces additional dynamics to the conventional low
order response characteristics of an aircraft or alters these completely. Quite often these High
Order Systems (HOS) produce handling qualities that are not acceptable for human piloted flight,
even when short period dynamics are perfectly acceptable. A number of analysis criteria have
been developed, which assess handling deficiencies and PIO-tendencies for longitudinal as well
as lateral aircraft motions. However, the majority of these criteria address pitch-PIOs, since they

are the most spectacular and destructive with the largest excursions in acceleration.

It has to be emphasised that because the number of variables that have to come together for a P1IO
to occur is so large, these PIO-criteria do not attempt to predict the occurrence of a PIO for a
particular aircraft. The intention is to merely predict the susceptibility to PIO with a reasonable
degree of confidence. Even if a high level of PIO-potential is diagnosed for a certain
configuration, it does not consequently imply that this type will definitely encounter a PIO in its
operational life or, vice versa, a design that passed all applied criteria without a flaw may still
experience this phenomenon due to very unusual and unique circumstances. Also, all criteria
addressed in this report analyse aircraft performance prior to any upset in PVS-characteristics that
may cause a PIO. None investigate the post transition retention phase, probably the most
fundamental phase in the development of a PIO, simply because there are too many unknowns.
To ensure that a design is resistant to PIOs, as many different criteria as possible should be
applied. This way the probability for an actual PIO to occur can be minimised. Some of the most
acknowledged longitudinal PIO-analysis criteria based on linear aircraft dynamics are introduced

below.

2.1 The Neal and Smith Criterion (Original Definition)
Ref. [2], [5], [6], [13], [15], [17]

In the attempt to acquire more knowledge about high order effects, a number of flight test
programmes were undertaken by the Pentagon in the late 1960’s and early 1970’s to validate
handling qualities of highly augmented fighter aircraft, so called High Order Systems (HOS) or
aircraft with non-conventional responses, producing enormous amounts of flight test data. In
1970 the Neal and Smith Criterion evolved from this effort to assess precision tracking tasks of
flight phases of Category A (see Appendix A). It was later extended to include equivalent tasks of
Flight Phases B and C (using the Landing Approach High Order System (LAHOS)-database for

verification).
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The criterion assumes a simple closed-loop pitch attitude tracking task as shown in Figure 2-1.

0 0
cmd ¢y Pilot Model Aircraft Model 4

y

v

Figure 2-1, Closed-Loop Pitch Tracking Model

It is the only criterion introduced and applied in this project that explicitly includes a pilot model.
The pilot can be viewed as a pitch attitude compensator and can be described by the following

transfer function.

1+sT,

Fo.(s)=K, -e””"‘(

T+sT, ] =K, D, (S) P, (S) (Equation 2-1)

The model consists of a variable gain Kp, a pure delay zp;, and a first order lead/lag compensation
Pp(s). The pilot inherently adjusts Kp, 7p;, Tp; and Tp, to establish a PVS-organisation that is
adequate for the pursued task. But it was found that the human pilot’s ability to vary the time
delay 7p; is confined to a very limited range of only 0.2 — 0.4 sec. Usually a constant time delay of

0.3 sec is assumed.

The criterion, which was primarily developed to analyse handling qualities and applies only
indirectly to PIO-prediction, specifies precise performance requirements that have to be fulfilled.
These are based on pilot comments addressing the ability to acquire a target quickly and

predictably with a minimum of overshoot and oscillation.

e The pilot has to close the loop with a certain degree of aggressiveness. This limit is defined in
the frequency domain as the bandwidth frequency wgw at which the phase of the closed-loop
system 2 6/ 6,,4 has to be —90 deg. The bandwidth frequency is task-dependent and a
measure of how quickly the pilot can move the nose of the aircraft toward the target.
According to MIL-STD-1797A, the bandwidth frequency for flight phases of Category A is
3.5 rad/sec. For flight phases of Category B and C it is 1.5 rad/sec except for landing, where a

frequency of 2.5 rad/sec is demanded.

e The low frequency, closed-loop droop, which describes the maximum excursion of |8/ .|
below 0 dB for frequencies less than @ = wgy, must not exceed —3 dB. Droop is a measure of

how slowly the nose of the aircraft settles on the target.

9
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With the obligation to meet these performance standards, the pilot model parameters (with
7p; = const. these comprise Kp, Tp;, and Tpy) are varied to produce the best overall closed loop
performance. The determination of the most suitable pilot model is not trivial and is an iterative

optimisation process.

The criterion output parameters are the phase angle of the required pilot compensation @
(measure of pilot workload) and the maximum value of closed-loop resonance |6 / G4 |max-
Closed-loop resonance is the magnitude of any resonant peak in the closed loop |68/ &,,.;] Bode
plot and can be directly related to the damping ratio and the magnitude of pitch attitude
oscillations perceived by the pilot when performing a tracking task. Meeting exactly the
performance requirements (wpw = 3.5 rad/sec, droop = -3.0 dB) will result in the smallest

achievable closed-loop resonance.

Bandwidth frequency, low frequency closed-loop droop, and closed-loop resonance are depicted

in the closed-loop 6/ 6.,,; Bode plot in Figure 2-2.
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Figure 2-2, Definition of Bandwidth Frequency, Closed-Loop Droop
and Closed-Loop Resonance

10



Investigating the PIO-Susceptibility of the F-4C Criteria for PIO-Assessment

Bringing the closed-loop gain and phase characteristics into agreement with the performance
requirements can be simplified by the use of a Nichols chart, which makes it possible to refer to

open and closed-loop gain and phase characteristics simultaneously. The first step is to pre-

multiply the transfer function of the aircraft with the pilot time delay Dp(s) = e~ "7i* and plotting
the resulting open-loop system transfer function, which now only includes fixed parameters (zp; =
const), on the Nichols chart. The required, pilot-generated phase and gain compensation at a
bandwidth frequency of, for instance, 3.5 rad/sec can then be estimated. If a lag compensation is

needed, the following transfer function applies

1+sT
Pols)=| —=BL (Equation 2-2)
1+s TP2

whereas if a lead compensation is required (7p, = 0) Equation 2-2 reduces to

Pp (S): 1+sTp (Equation 2-3)
The pilot time constants for a lag compensation Tp; and Tp; have to satisfy the following

equations simultaneously

0.5
1 )
=Opw (Equation 2-4)
(T P Tp2
Tp -T
singp = S i (Equation 2-5)
Tpy +Tpy

where ¢@p is the phase angle the pilot needs to generate to fully compensate the system.

11
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Figure 2-3 shows the compensated, closed-loop PVS plotted on a Nichols chart.
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Figure 2-3, Nichols Chart of Compensated PVS

After determining the gain and phase compensation required to meet the criterion limits, the
closed-loop resonance and demanded lead/lag phase compensation is then compared against the
established criterion boundaries illustrated in Figure 2-4. These are based on results obtained
from the flight testing campaign mentioned earlier, associating pilot rating with the analysed

configurations.
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Figure 2-4, Neal and Smith Criterion Boundaries for the Pitch
Tracking Task, adapted from Ref. [2]
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2.2 Bandwidth/ Pitch-Rate Overshoot Criterion
Ref. [5]-[71, [13], [15], [17]

The original Bandwidth Criterion was developed by Hoh, Mitchell and Hodgkinson in 1982 for
the evaluation of handling qualities and PIO-tendencies of highly-augmented aircraft. It relies on

the open-loop pitch attitude frequency response characteristics of the aircraft. The two frequency
domain metrics originally used for assessment are aircraft bandwidth @, ,and phase delay 7,4

"The aircraft bandwidth is defined as the frequency range in which the pilot—aircraft loop can be
closed without threatening stability (i.e., encountering a PIO). Since it is assumed that the pilot
can be approximated as a pure gain and can close the loop without having to generate any lead or
lag compensation (synchronous behaviour), McRuer describes bandwidth as the frequency range
“within which the aircraft dynamics can accommodate changes in pilot gain” {McRuer, Ref.

[13]} necessary for a specific task without compromising system stability. The bandwidth
frequency @ gy, marks the upper end of this range and is defined as the frequency, where the

phase margin is either 45 deg or the gain margin is 6 dB, whichever frequency is lower (see

Figure 2-5). Consequently, a great effort is made to design aircraft with a high bandwidth.

Application of the bandwidth definition to the Neal and Smith database soon revealed that the use
of the bandwidth frequency as the sole criterion metric was insufficient for the assessment of
handling qualities. It was realised that the rate of phase roll-off beyond the bandwidth frequency
(i.e. how fast the phase shift approaches —180 degrees), described by the pitch attitude phase
delay 7,0 has to be considered as well, to account for varying pilot techniques. If the pilot finds it
necessary to apply lead compensation due to either a low aircraft bandwidth or high task
demands, a low value of phase delay, corresponding to a slow phase roll-off, indicates
insensitivity to minor changes in pilot gain. On the other hand, high values of phase delay,
corresponding to a more rapid drop of the phase curve, restricts the pilot’s ability to operate at

frequencies above the bandwidth frequency, if P10 is to be avoided.

13
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Figure 2-5, Bandwidth Definition, adapted from Ref. [13]

The original Bandwidth Criterion has been adjusted to accommodate flight path bandwidth and

pitch-rate overshoot as additional criterion parameters. The flight path bandwidth frequency
wpwyis defined as the frequency where the phase margin of the flight-path-to-stick-force

response is 45 degrees. A low value of flight path bandwidth, which implies a need for pilot lead

compensation to improve aircraft response, in conjunction with a moderate value of phase delay

may exhibit PIOs.
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Figure 2-6, Pitch-Rate Overshoot Definition, adapted from Ref. [15]

Pitch-rate overshoot AG(q) is a measure of overshoot referenced to the mid-frequency response
of the aircraft, where the pilot usually exerts closed loop control. High pitch-rate overshoot is
directly linked to bobble-tendencies and abrupt, short-term responses, which are highly

undesirable.

The criterion parameters translate into the following graph:

0.4
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Pitch
Attitude
Phase 0.2 e ;
Delay PIO if flight path Bandwidth @py pnase(¥/Fes) < 0.58 rad/sec
PIO if
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0.1 lovershoot & . e
(sec) AG(q) . (pitch bobble if pitch rate overshoot
> 12 dB) AG(q)> 9 dB)
0
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Pitch Attitude Bandwidth ~ @gw, (rad / sec)

Figure 2-7, Bandwidth/Pitch-Rate Overshoot Criterion Boundaries, adapted from Ref [15]
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2.3 The Smith-Geddes Criterion
Ref. [5], [8], [131, [15], [16]

The Smith-Geddes Criterion has evolved out of the Ralph Smith Criterion, developed in 1977. It
assumes that for non-PIO closed loop tracking, the pilot/vehicle dynamics are govermned by
closed-loop pitch attitude characteristics. PIO is considered possible at any closed loop pitch
attitude frequency, which promotes loop resonance. These resonant frequencies are referred to as
criterion frequencies @, It is further assumed that the pilot will change his cues from tracking
pitch attitude to tracking normal acceleration at these resonant frequencies. Therefore, the phase
characteristics of normal acceleration at the pilot’s position must be examined to determine the

likelihood of a PIO.

The criterion supplies a formula for @,-determination which is based on the calculation of the
average slope in dB/octave of the gain curve between 2.0 and 6.0 rad/sec in the pitch-attitude-to-

stick-force-input frequency response plot shown in the Bode plot in Figure 2-8.
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Figure 2-8, Average Slope in Bode Plot of Pitch-Attitude-to-Stick-Force-Input Response

The formula is

W, =60+024 8 (Equation 2-6)
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where the average slope S is

S= é [A(Z) — A + A(3) - A(L.5) + A(4) — A(2) + A(5) — A(2.5) + A(6) - A(3)]
(Equation 2-7)
o

_(a)i>i

with A(e;) =

After calculating the criterion frequency @, the corresponding phase angle of the pitch-attitude-

to-stick-force-input response @, = £ Fi(a}cr) is determined (see Figure 2-8). The phase angle
es

can now be used to assess handling qualities based on pilot ratings of the Neal and Smith

database (see Appendix B) with the following subdivisions:

Levell: ¢, 2-123
Level2: —123>¢,. 2-165
Level3: ¢, <-165

For PIO-analysis, as mentioned earlier, the phase characteristics of normal acceleration at the
pilot’s position has to be considered due to the change in cues. Therefore a second phase angle is

calculated for the normal acceleration response.

¢Caz P Paz p (a)cr ) -143w,, (Equation 2-8)

with Pazp = A%i(a)i) (see Figure 2-9)
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Figure 2-9, Phase of Normal Acceleration to-Stick-Force-Input Response at
Pilot’s Position

The term 14.3 @, results from an assumed pilot delay of 1p=0.25 sec (180/70.25~14.3). A

PIO-tendency is anticipated, if ¢CazP < -180 deg.
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Although the criterion investigates effective aircraft dynamics, pilot characteristics are taken into

account via the definition of the criterion frequency.

2.4 The Phase Rate Criterion
Ref. [3], [51-[7], [13], [15], [17]

The Phase Rate Criterion was developed by J.C. Gibson to investigate closed-loop handling
problems that stem primarily from HOS-effects increasingly encountered on FBW-aircraft. High
order system dynamics generally increase the phase lag in the aircraft response characteristics,
which constitutes itself as a phase delay in response to control inputs. These handling deficiencies
may manifest themselves in the form of high order PIOs. They occur due to insufficient gain and
phase margins embodied in the aircraft control system. As soon as additional, pilot-generated

gain or phase lag is introduced into the system, it may become unstable, promoting a PIO.

The criterion is in the first place a design criterion that ensures acceptable closed-loop system
performance without the threat of a PIO. It deals with the open-loop pitch attitude frequency
response of the augmented aircraft in the region, where the phase angle first reaches —180 deg.
This is the so-called cross-over or neutral stability point. The two criterion parameters are the
cross-over or neutral stability frequency ;g (Where the phase angle is —180 deg) and the phase
rate PR g, which is a measure for the slope of the attitude phase curve around the neutral stability

point. The phase rate is defined as the gradient of phase angle and frequency.

—w— n [ge—g{l (Equation 2-9)

o] — )

Hz

A® | 4(m)=—180deg

In the original version of the criterion, A¢ was confined to a small area around ¢(w)= -180 deg. In
later versions, it was suggested to calculate A¢ and Aw between 2@;g and w;gp. In this case the
phase rate is proportional to the phase delay parameter 7,5 used in the Bandwidth/Pitch-Rate
Overshoot Criterion. Cross-over frequency @;sy, average phase rate PR,g and the remaining gain

margin A4 are depicted in Figure 2-10.
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Figure 2-10, Phase Rate Definition, adapted from Ref. [13]

In case the gain margin 44 (i.e., the distance to the critical point) of the open-loop pitch attitude
response is fairly small, the effective aircraft dynamics can only accommodate insignificantly
small increases of pilot gain compensation without endangering stability. A small value of cross-
over frequency g indicates that, if synchronous pilot activity is assumed, the PIO-frequency
region can easily be reached. The PIO-frequency region is confined to the region between -180
and —200 deg phase lag, where the response first becomes unstable. A high value of phase rate
signifies that a small increase in frequency will result in a rapid drop-off in phase, causing the
pitch attitude frequency response curve to quickly approach the critical point (0 dB, -180 deg).
Consequently, it is endeavoured to combine a low phase rate with a high cross-over frequency.
This produces a higher aircraft bandwidth with adequate margins, which can accommodate
additional pilot gain and phase compensation necessary to achieve the desired system
performance without compromising stability. All these parameters characterise the so-called high

frequency roll-off, which is known to be a crucial factor in Category I PIOs.

Gibson established criterion boundaries, which assess PIO-potential. These are illustrated in

Figure 2-11.
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Figure 2-11, Gibson Phase Rate Criterion Boundaries, adapted from Ref. [13]

It can be found that there are significant differences in the interpretation of these boundaries
within the handling qualities community. In Ref. [15] the boundaries are characterised as follows:
“L1” defines the region where no Category I PIO will occur. If a design falls into the region “L2”,
a marginal PIO-tendency may be anticipated but is unlikely to be dangerous. A design in “L3” is
expected to encounter severe PIOs. In Ref. [13] on the other hand, it is stated that the L2-L3 line

is the dividing line used to discriminate between PIO-prone and non-PIO cases.

Also, there are different interpretations as to what system input all requirements are referenced to.
According to Ref. [5], analysis is based on the frequency response of 8 /F,;, i.e. stick force is the
relevant input. Ref. [15] states that the feel system dynamics are excluded except for the feel
system-gearing. Therefore the analysis utilises the pitch-attitude-to-stick-deflection frequency

response 8/0,.

2.5 The Dropback Criterion
Ref. [3], [4], [6], [7], [13], [17]

The Gibson -Dropback Criterion is the only time domain criterion applied in this project. It is
rather a criterion for handling qualities than a PIO-criterion and therefore has to be viewed with
some reservation. However, in combination with the Phase Rate Criterion it is a useful tool to
eliminate complicated cases. The criterion is a good measure of “how well the nose follows the
stick™. It applies to conventional and highly augmented, FBW-aircraft, which usually use a pitch-
rate-command-attitude-hold type control system. In both cases the stick has to be returned to the

zero position to arrest the pitch rate. The optimum attitude response in closed loop tracking is
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with a pitch rate that is proportional to stick deflection. In this case the attitude appears to
precisely follow the stick and remains constant after the input has been removed, characterised by
zero dropback (pure integral or K/s-like behaviour). In practice this is not exactly achieved, i.e.
after a short-term transition the pitch attitude will settle on a value, which is less than the value at
the time the input was removed. For good handling in closed loop tracking tasks, dropback has to
be minimised. Large dropback is related to the problem of pitch-bobbling, making it difficult to
stop the nose on the target. Negative attitude dropback or overshoot stems from excessive phase
delay and is associated with a very sluggish, unpredictable response. It is to be avoided by all

means. The value of dropback is influenced by the pitch rate overshoot.

The criterion parameters attitude-dropback-to-steady-state-pitch-rate 48/ gss and maximum pitch
rate to steady state pitch rate gp.q / gss are obtained from the open loop time domain response to a

rectangular pulse input as depicted in Figure 2-12

18, T
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] s | ]
o 5 10 15 ded .. Y
o .
. iAgpeak
6 10~ /'///\W: > 1
[deg] SM // g s
: o — :
a 5 10 15 R
time [sec]
i N 4 peak ’
q : | \ { w dss
o | o
[deg/s] ‘ |
55 5 . 10 15
time [sec]

Figure 2-12, Definition of Dropback Criterion Parameters
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These are then used in Figure 2-13 to determine PIO-susceptibility. The boundaries are based on

data from fighter aircraft.

E
q peak \\\\{cessi‘,e

qS‘S

i
A apeak / qss

Figure 2-13, Gibson Dropback Criterion Boundaries,
adapted from Ref. [13]
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3 Objective

On May 18, 1961 an F-4 encountered a destructive pitching-PIO during the attempt to set a new
low altitude 800 knot speed record {Ref. [5], Ref. [7], Ref. [11]}. The disturbance was so abrupt
and violent, that after only 3 oscillations the g-forces had diverged up to 14 g in just 2 seconds
before destruction. The pilot was known to have flown the aircraft in the most forward trim

position with the SAS disengaged.

This report analyses linear, Category I PIO-tendencies of a linear, small perturbations model of
the F-4C (Phantom II) aircraft based on the longitudinal equations of motion for two different
flight conditions, using the analysis criteria introduced in the previous chapter (These include the
Neal and Smith Criterion (Original Definition), the Bandwidth/ Pitch-Rate Overshoot Criterion,
the Smith-Geddes Criterion, Gibson Phase Rate Criterion and the Gibson Dropback Criterion).
Since the aircraft model does not incorporate any non-linearities, PIO-assessment is amenable to
frequency domain analysis. The primary aim of the project is to find correlations in the

application of the different criteria and to determine whether the results are consistent.
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4 Development of a Small Perturbations Model

4.1 F-4C Dimensions, Flight Condition Parameters and Pitch Control
System

The two flight conditions shown in the flight envelope of the F-4C in Figure 4-1 represent a final
approach/landing scenario (Flight Condition 1) and the low-level, high-speed terrain following
scenario described in Chapter 3 (Flight Condition 3), each being a demanding, high-gain task
with a high level of task-related pilot stress.

60,000

h{ft)

40,000

20,000

°t5 4 2 16 20 24
. 8 2 ach 4 ,

Level Flight Envelope
(Nominal Configuration)

—_——————— Speed Restrictions

Figure 4-1, F-4C Flight Envelope, Ref. [9]
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For primary pitch control, the F-4 uses fully moving horizontal stabilisers.

.25¢
FS.309.2

F-4C B.L.884
S = 53012

b = 3867t @ 1)
g =16.04 1

FS.178.3
W.L.676

TN
{—T—— - X ( w328
o T.L. FRL
~NJ ~ NI ~ [ . Zero WL.
O - 525
b Reference wing span
B.L.  Buttock Line
c Reference chord
& Stabilizer surface deflection from trim (positive for trailing edge down)
FRL  Fuselage Reference Line (parallel to x-body axis)
F.S. Fuselage Station (inches from nose)
MGC Mean Geometric Chord
S Reference wing area
T.L. Thrust Line
W.L. Water Line

Figure 4-2, F-4C General Arrangement, Ref. [9]
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The general parameters for the two analysed flight conditions are listed below in Table 4-1.

Flight Cendition 1 3

h [ft] SL SL
M [-] 0.206 1.1
Vro[ft/s] 230 1228
c.g. [% MGC] 0.291 0.289
q [b/f] 62.6 1792
o [deg] 11.7 -0.3
Yo [deg] 0 0

Ixp [ft] 16.3 16.2

Table 4-1,General Parameters, adapted from Ref. [9]

All used measures refer to aircraft body axes. The applied coordinate system is illustrated in

Figure 4-3 below.

Perturbed Body Axes

Horizon

Figure 4-3, Coordinate System, adapted from Ref. [1]
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Development of a Small Perturbations Model

As shown in Figure 4-4, the F-4C pitch control system incorporates various control elements in

forward and feedback control paths. All components are translated step by step into a

mathematical, small perturbation model using the state space method, outlined in Ref. [1]. For

computation, the MATLAB software package is used.

.\ K,s

s+l q (rad/ sec)
5 (rad) Pitch SAS
Fy (), F. (1b) 1 P L Y- 1 . >
. a,s’+as+a I 1+TA-s aiframe | o
: SR N ) S (rad) &3 (rad) 85 (rad)
Feel System Gearing Actuator
Fyy (Ib) ()
=1 a, (ft/sec?
./ w4
Bobweight
K, =0.15
T4 =0.05
K¢
Kaw
ag see Table 4-3, page 38
a
a:

Figure 4-4, F-4C Pitch Control System
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4.2 State Space Model of the Airframe

As described in Ref. [9], the decoupled, longitudinal equations of motion referred to aircraft body

axes need to be assembled. Given in Laplace transform they are

(1—X,~,)s~X; —(st+Xw) (——Xq+W0 )s+g-cosl90 u X5
~Zys-7y  (-2y)s-2, (2,-Up)s+g-singy | |w|=| Z5 | [55]
——MaS—M: —(Mws—!-Mw) sz—qu 0 M5s
g=s6
(Equation 4-1)

The longitudinal derivatives are listed in Table 4-2 below

Flight Condition 1 3
X" -0.0417 -0.0677
z -0.177 0.0226
M 0.000743 0.00329
X 0.13 -0.0107
Zy, -0.452 2.11
M, -0.00182 -0.0488
Mq -0.317 22
Xq 0 0
Zq -2.48 -8.72
M, 0 0
X 0 0
Zy 0 0o
M, -0.000642 -0.000729
Xy 0 0
Zy, -0.00305 -0.00326
Xsq 5.98 -1.32
Zs, -6.65 -251
M, -1.46 -61.1

Table 4-2, Longitudinal Aerodynamic Stability and
Control Derivatives, adapted from Ref. [9]
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Equations 4-1 are converted into the time domain and rearranged, to give

(1-Xg)a-X, w=X,u+X, w+(X, - W,)qa-0gcos, +X;_
~Zgu+(-Zy)W=Zu+Z, w+(Z, -Uy)q-0gsin8, +Z; 8
-My a-M, W+g=M,u+M, w+M, q+M,; 3

6=q

Since for level flight it is assumed that

0y =0y +7,

(Equations 4-2)

(Equation 4-3)

and for all referenced flight conditions Yo=0 (see Table 4-1), Equation 4-3 simplifies to

8, =0,

Axial velocity therefore equates to (see Figure 4-3)

U, =V cosB
and normal velocity becomes

(Equation 4-4)

(Equation 4-5)

(Equation 4-6)

Equations 4-2 are then written in equivalent matrix form,

u u
m W —al +b[5]
q q
6 0
giving,
(1-X;) -Xy o0 o]fu] [XF x, [x
~Zy  (1-zy) 0 Of|w| |7z} z,
-My  -My L Ojal M oM,
0 o 0 14[é] | o o
m x(t)

(Equation 4-7)

—WO) —gcosBg || u X

— osi Z
+U0) gsinfg || W | s [5]

0 q| Mg

0 0 0

x(t) b u(t)
(Equation 4-8)

The equations of motion are now transformed into the general state space form, where the state

equation is
x(t)= A x(t)+ Bu(t)
and the output equation is

y(t)=C x(t) +D u(t)
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The state matrix A, the input matrix B, the output matrix C and the direct matrix D are obtained

as follows

A=m"'a

E = ;n“ b (Equations 4-11)
D ; 0]

This gives the state space form of the airframe as described in Equations 4-9 and 4-10

u X, w Xg X || U Xsg u 1 0 0 Ojlu 0
Wi 12y Zw Zg Zg ||V . z5, [5S] and w_ 01 0 0|lw . 0 [5s]
q m, m, mg mg|lq Mg g| |0 01 Of/qg 0
7 0 0 1 0|0 0 6] [0 0 0 146 0
x(t) A x(t) B u(t) y(t) C x(t) D u®)

(Equation 4-12)

4.3 Airframe State Space Model Augmentation

The state space description of the airframe is now augmented to attain additional response
characteristics, which are not included in the equations of motion, but can be expressed in basic
aircraft motion variables. These are angle of attack (AOA)(a), flight path angle (y), and normal

acceleration at any given location along the aircraft’s longitudinal axis (azx).
- For small perturbations angle of attack is given by

w

og=tanag = ——
Vro

(Equation 4-13)

Without changing the state vector X(t), angle of attack can be added to the output vector y(t) in

Equation 4-12 as follows

. — P —. - =

[55]

(Equation 4-14)

D o 35 o=
it
—

o o o«
+
o

o) [0 YV 0 0] | |.]
y(t) C x(t) D u(t)

The flight path angle y is added to the output vector y(t) in the same fashion as angle of attack.
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For small perturbations y equates to

y=0-«a =9-2 (Equation 4-15)
Vo

Normal acceleration at any given distance x away from the cg along the aircraft’s longitudinal

axis is

a,=w—qUy-xq (Equation 4-16)
with

W=z, utz, wtzy qg+zg0+z5 0g (Equation 4-17)
and

Gg=my, utm, wtmg g+mg6+ms. g (Equation 4-18)

taken from the state equation in Equation 4-12. Equation 4-16 may now be rewritten as
ay =z, —xmy Ju+(z,, - X, )w+ (zq —xmy —Uo)q +(zg —xmg )0 + (253 —Xmgg )53

(Equation 4-19)

For more convenience, let

g1x :(Zu _xmu)’ 82x :(Zw _xmw)9 83y =(Zq —Xmy _UO)a

(Equation 4-20)
84y = (29 —me), 85x = (255 —Xmse )

The augmented state space form of the airframe is

u Xy Xy X4 Xg ||lU Xsg
vfz 7w Zw Zg Zo || W N Z5g [5sl
q my, m, mg mMmg|q mg,
o 0 0 1 01|18 0
x(t) A x(t) B u(t)
Cw || M u [0 ]
w w 0
q 1 q 0
6 |= 6 |+| 0 |[os]
a 0 iy 00 Lo
1% 0 -YVro 0 1 | 0
18z L 8ix 82x &g3x 84x 1l 1 L85x]
y(t) ' C x(t) D u(t) (Equation 4-21)
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Basic airframe responses to a unit (1 deg) stabiliser pulse input of 4 sec duration for Flight

Conditions 1 and 3 respectively are shown in Figures 4-5 and 4-6.
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Figure 4-5, Basic Airframe Responses, Flight Condition 1
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Figure 4-6, Basic Airframe Responses, Flight Condition 3

32

Development of a Small Perturbations Model



Investigating the PIO-Susceptibility of the F-4C Development of a Smali Perturbations Model

Note that the time scale is different for each flight condition due to the nature of the responses. It
is quite obvious, that in Flight Condition 1 the phugoid mode is excited, with angle of attack «
staying nearly constant after the input is removed, whereas Flight Condition 3 exhibits transient,

short period pitch responses typical for pitch tracking.

4.4  Actuator Dynamics
As shown in Figure 4-4, the actuator dynamics are given by

5 1

st 1+sT4

(Equation 4-22)

This can be rewritten as

5; =0g+055TA=0g +5'S i (Equation 4-23)

and equates to

85 =8

S Equation 4-24
S 7 (Eq )

O can now be defined as a new state and is included in the state and output equation as follows

a7 [ x, Xy Xg Xg x5S_—u_ [0 ]

w Zy, Zw Z4 Zg Z§g w 0

g l=| my m,, mg mg mse |lq [+ O [5;]
Vi 0 0 I 0 0 6 0
_55_ 0 0 0 0 -1/T4 |05 | _l/TA_
FL T R

w w

q I q

e 0 0

= + [5;]

55 5S

a 0 1/VT0 0 0 0

Y 0 _I/VTO 0 1 0

(Equation 4-25)

1 9zx | | &lx 82x 83x 84x &s5x]jL | L-
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4.5  Pitch-SAS Dynamics

Sst *+ . O airframe » output
& >
- 4 + actuator q
Kqs Og <4 (addtional state variable)
I+s

Kqgle

Figure 4-7, Pitch Stability Augmentation System

The pitch-SAS, which comprises a simple washout filter with a gain Kg, is part of a feedback
loop that uses pitch rate ¢, a basic airframe output, as input. The pitch-SAS dynamics are (as
described in Figure 4-7)

S K
S B (Equation 4-26)
q s+1

giving

§SSAS =Kqq- 553,15 » (Equation 4-27)

o Seis is the washed-out pitch rate ¢ and has to be declared as an additional state in the state

space model. The equation that incorporates the feedback loop is

S¢=8¢ -Kqé (Equation 4-28)

Ssas
Equation 4-27 and Equation 4-28 may now be included in the state space equation as follows.
First, Equation 4-27 is expressed in matrix form, equating to matrix Z, and is then added to the

state equation of Equation 4-25.
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[ M a ] —xu Xy Xy Xg o Xgg x M w ] [o]
w Zy  Zyw Zq Zg  Zgg X w 0
I b0 m, m, m, m m ‘0 0
; Z - Ou Ow lq 09 gS : ZJ " 0 [6‘;]
: Ss 0 0 0o o -yr4i.|| S5 | |yr4
070 Kg 0 01| 8sg | L0 O | L O
z %(t) A xt) B uf)
(Equation 4-29)

By multiplying both sides of Equation 4-29 with Z 1= Zand substituting the input vector u(t)

with Equation 4-28, the new state equation is obtained

u x, X, X, Xg X5 o A w T [ o] 0 ]
w z, Z, z, Zg Zs, w 0 0
q | | my m, m, my ms. 10 q 0 0
6 || o 0 1 0 o .1l e |"o 9sr]-Ka| Foc
8s | |0 0 0 0 -ym:. |8 | |y 1/74
_§SSAS_ _quu Kgm,, quq Kgmyg qu5S E—IJ _§SSAS_ | 0 | | 0

x(t) A x(t) B u(t) B v(t)
(Equation 4-30)

Rearranging Equation 4-30 and augmenting the output equation by including & Ssas in the C-
Matrix finally gives

u | [ x, Xy Xg Xg X5 0 ] « 17T 01

w z, Zy 4 Zg 25 0 w 0

] m m m m m 0

g o S o 0 Zr ¥ g [957]
S 0 0 0 0 ~1/TA -Kq/T4|| &g 1/TA
_555As_ _quu Kgm, Kqm, Kqmg Kqmgs, -1 __§SSAS L 0 |
ST T w1

w w

q q

7 I o .

ds |= o5 |+|0|[6sr]
OSs4s I | LR

a 0 1¥ro 0 0 0 0

4 0 -Yrry O 1 0 0

dzx | | 8lIx g2x £3x f4ax 85x 0_ L 4 L

(Equation 4-31)
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4.6 Gearing, Feel System and Bobweight

The F-4’s control system is mainly mechanical, the only exception being the electrical SAS and
the actuators, which are powered by hydraulic oil. With increasing speeds in military aviation in
the late 1940°s and early 1950’s, the use of hydraulic powered actuators became essential to move
control surfaces that were exposed to large aerodynamic loading. However, this deprived the pilot
of the sensation of increasing loads on his stick at high speeds. So an artificial feel system had to
be installed to regain this sensation, making the aircraft less responsive to pilot commands with
increasing speed. The F-4’s artificial feel system is completely mechanical and comprises a
variety of springs and dampers, which stiffen with increasing dynamic pressure. The bobweight is
an additional mass connected to the stick, intended to improve stationary stick force
characteristics by feeding back motion-induced stick forces, usually a combination of normal
acceleration and rotary pitch acceleration, to the pilot. The F-4’s feel system mechanism is

pictured in Figure 4-8 on the following page.

Bobweights played a considerable part in APC-events related to semi-mechanical flight control
systems. Exposed to large stick deflections and stick forces the bobweight couples with the
aircraft motion and may significantly reduce the damping of the stick-free short period mode.
Also, for small stick forces and normal accelerations the opposing force produced by the
bobweight is smaller than the force due to system friction. With increasing stick forces and
accelerations this threshold may suddenly be overcome and an abrupt transition in aircraft
dynamics occurs, which may consequently lead to a maladaption of the pilot. This is called the
“bobweight effect” and was impressively demonstrated in the tragic F-4 PIO mentioned earlier, or
in the famous “T-38 PIO”, described in Ref. [5] and Ref. [11]. Since the energy the bobweight
feeds into this highly coupled system depends on dynamic pressure, bobweight-induced PIOs are
usually confined to high airspeed, making even minor oscillations potentially destructive due to

the large excursions in normal acceleration.

The incorporation of the feel system dynamics and especially of the bobweight into the state
space aircraft model of the F-4C poses some difficulty. Two different approaches are chosen to
solve the problem but only one seems to give promising results as will be explained below. The
difficulty is to attempt to match aircraft responses attained from the state space model with

corresponding, reduced order transfer functions given in Ref .[9], which are not always plausible.
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4.6.1 First Formulation
The first formulation is analogous to the addition of actuator dynamics and pitch-SAS. According
to Figure 4-4, gearing and feel system dynamics may be combined to give

o K
ST G (Equation 4-32)

%
FST a252+als+a0

Viscous Damper IR
(b= = if bottomed out ST —
3.03 Ib/in/sec otherwise)

Beliows Pressure
(L0569 qgPgr Ib/in)™ Lumped inertia
(03691b/in/sec®
Bellows Spring
(0157 qg Pgetb/ i)™

Lumped Viscous Domping
(2081b/in/sec) ——___ >—7NW—

Bobweight
(5.351b/g)

Airpione CG

Effective Bobweight Position (39.3f1)

* The product ggPer is determined by the mach,q,and 85 combination
ot a particular flight condition.

Figure 4-8, Feel System and Bobweight Mechanism, adapted from Ref. [9]
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The metrics of the feel system are defined as follows (see also Figure 4-4 and 4-8):

Gearing ratio: -3.36
KG =
57.3
Viscous Damper, Bellows Pressure, 0.0569gzP
Bellows Spring: ag =0.0157 g Pgr + 5-BF

" 0.0569 qBPBF
bs

1

For both referenced flight conditions the viscous
damper is bottomed out, i.e., b = . Therefore,

a, =0.0157 g, Pyr +0.0569 g, Pyr

Flight Condition 1 3
qg [1b/ fi*] 027 047
Pgr [ %] 0.93 0.96
Lumped Viscous Damping: a, =0.208 Ib/in/sec
Lumped Inertia: a, =0.0369 Ib/in/sec’
Bobweight Gain Ratio 5357p 5351p
Kpw =( J = 2
g 32.2 ft/ sec

Bobweight position referenced to cg xpw =393 f

Table 4-3, F-4C Feel System Metrics

Equation 4-32 is converted into

K¢
Jd a
‘S;T = 2 (Equation 4-33)
Fsr 524 %y a0
ar ar

and may now be realised in controllable companion form

{é‘ST}:{ .0 1 H:aST}_;[ 0 jl (Equation 4-34)
osr | L—aolay —ayfay ||osr| |Kg/az

Equation 4-34 is then added to the aircraft state space model of Equation 4-31
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u X, Xy Xq Xg xsg 0 0 0
W z, Zy z4 Zg 5, 0 0 0
q m, my, mg mg Mg 0 0 0
6 0 0 1 0 0 o . 0 0
S 0 0 0 0 -1/TA -Kq/TA: 1/T4 0
Ossis || Ko Kamw Kamg Kamg Kqmsy -1 0 0.
Ssr 0 0 1
osr || 0 —agfay -ajfay
u 17 1 u 1 7.7

w w

q q

% 0

5 5 _

*

OSgus | = 08545 |*+]0 [FST ]

Osr dsr

a 0 UYrpg O 0 000

Ve 0 —I/VTO 0 0 0 00

zx | | 81x &2x 8x 84x &5x 0 0 O_ L L

u 0
w 0
q 0
) 0
+
Ss 0
5SSAS 0
Ssr 0
Leosr | [Kg/ap ]

(Equation 4-35)

As described in Figure 4-4 normal acceleration at the bobweight position is used in the

bobweight feedback loop. Normal acceleration at the bobweight position can be calculated in the

output equation of Equation 4-35 by substituting xzp=39.3 ft into Equations 4-20. The output

equation then becomes

0

| 9zBW | | &1BW

1/Vro

~1Vrg
228w

I
o 0o
0 1
&3BWw  B4BW

&58W

39

o o o

o o o

o o o

[F 57 ]

(Equation 4-36)

[F ST
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With the bobweight loop added to the control system, the system input according to Figure 4-4

becomes

F;T =Fgr — Fgw (Equation 4-37)

The force produced by the bobweight is

Fpw =Ky a.pw (Equation 4-38)
This gives
F ;T =Fgr — Ky apw (Eqitation 4-39)

which may now be substituted into the state space equation of Equation 4-35. Considering
Equation 4-36 with
a.gw =8&ipw U+ &aw W+ &3pw 9+ Gapw 0+ &spw Os (Equation 4-40)

the state equation of Fquation 4-35 translates into

u X, Xy Xq Xg xgg 0 0 0 u 0
W z, z,, zZq Zg zsg 0 0 0 w 0
q m, "y, mg mg me, 0 -0 0 q 0
g 0 0 1 0 0 0o 0 0 6 0
s 17| o 0 0 0 -4 -Kq/TA 1/T4 0 ss |7l o IFsr]-
Osgus | |Kamu Kqm, Kqmg Kqmg Kgmg, -1 ........ o ° OSsas 0
Sst 0 0 1 Sst 0
st | | - ) . 0 ) . - —ag/a, —al/azn osr | |Kg/az |
_ . -
0
0
0
0
0
0
(g1pw u+gapw W+ 838w g+ 8apw 0+ gspw Ss)Kpw K /aa ]

(Equation 4-41)
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Further transformation leads to the state and output equations described in Equation 4-42.

x, X, X, Xg X5, 0 0 0
z, z, z, 2z zs, 0 0 0 -
u
m, m,, m, my ms, 0 0 0 w
0 0 1 0 0 0 0 0 Z
0 0 0 0 ~yTA  -KgTd Y4 0o || %
5SSAS
Kqm, Kqm, Kqm, Kqmy Kqms, -1 0 0 St
.......................................................................................................................................................................................................... _wST
0 0 0 0 0 0 0 1
= 8uswKo Kpw  —8asw Ko Kpw  ~Z3pw Ko Kpw  —84pw Ko Kpw = 8spw K Kpw 0 —ayfa, -aa
L @ @ @ @ @ : |
- Tulr
w
q
6
I Sy
5SSAS +|0 [EST]
st
N s
0 Wy 0 0 0 000
0 -y O l 0 000
\Sisw 8w  Zsw Sasw 8w 0 0 0__ 4, L

(Equation 4-42)
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4.6.2 Verification of Aircraft Responses

4.6.2.1 Flight Condition 1

In Figure 4-9 aircraft responses in pitch attitude 8, flight path angle y and angle of attack arto a 4

seconds pulse of 5 b stick force are depicted.
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Figure 4-9, Full Order State Space Model Reponses, Flight Condition 1

Responses for flight condition 1 seem to be reasonable. As seen before in Figure 4-5 the phugoid

mode is excited for the given input.

The time domain responses from the mathematical model shown above are now compared with
equivalent responses derived from transfer functions given in Ref.[9]. The transfer function for

pitch attitude @ to a stick force input Fr, for example, is:

O(s) 46.2(s+0.104)(s +0.379)(s + 1)
Fsr(s) (s +1.05)(s +20.6)[s2 +2%0.143%0.088 s +(0.088)? Jls > +2%0.313*1.12 5+ (1.12)* Jls> + 2#(0.431)*6.06 s + (6.06)? )

(Equation 4-43)
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Figure 4-10 shows the time domain traces generated from the transfer function stated in Equation
4-43 and the corresponding response of the mathematical model again for a 5 1b stick force input

of 4 seconds
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— state space model
Figure 4-10, Pitch Attitude Responses, Flight Condition 1
Both responses are reasonably similar. Additionally, frequency domain responses, essential for

PIO-assessment, need to be analysed as well. Figure 4-11 shows the open-loop pitch attitude

Bode plot for the transfer function obtained from the state space model and from Equation 4-43.
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Figure 4-11, Bode Plot of Pitch-Attitude-to-Stick-Force-Input Response,
Flight Condition 1
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The gain and phase traces also match fairly accurately. The peaks at the phugoid frequency

(~ 0.1 rad/sec) and at the short period frequency (~ 1 rad/sec) in the gain plot are clearly visible.

Due to the feel system, the aircraft behaves like an attenuator throughout the entire frequency

range as illustrated in the gain plot.

4.6.2.2 Flight Condition 3

As for Flight Condition 1, Figure 4-12 shows the aircraft responses in pitch attitude & flight path

angle yand angle of attack & to a 4 seconds pulse of now 40 Ib stick force for Flight Conditions 3.
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Figure 4-12, Full Order State Space Model Reponses, Flight Condition 3

It has to be noted that the expected responses in pitch attitude &and angle of attack « are overlain

by a high frequency oscillation that does not seem to fade away. This oscillation becomes even

more apparent when looking at normal acceleration responses at the bobweight position a.zy or at

the pilot’s position a.p, shown in Figures 4-13 and 4-14. Normal acceleration at the pilot’s
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position can be obtained by adding a.p to the output equation of Equation 4-42 in the same

manner as a.gy by substituting x = Iyp from Table 4-1 into Equation 4-20.
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T
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Figure 4-13, Normal Acceleration Response at Bobweight Position, Flight Condition 3
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Figure 4-14, Normal Acceleration Response at Pilot’s Position, Flight Condition 3

An ongoing oscillation of +1/-1 g amplitude at the pilot’s position or of even +3/-1.5 g at the
bobweight position after the input signal is removed is highly unlikely. By analysing the root
locus plot of the system, it can be found that the addition of the feel system introduces an extra,
oscillatory pair of poles with a high natural frequency of ~ 37 rad/sec. Once the bobweight
feedback loop is closed, the damping of the oscillation drops dramatically to nearly zero. This is
pictured in Figure 4-15, which shows the pitch attitude responses & for the bobweight loop open
and closed. As intended, the closure of the bobweight loop decreases the amplitude in the pitch
attitude response, but simultaneously the high frequency oscillation becomes apparent. Table 4-4
lists the eigenvalues, damping, and natural frequencies of the oscillatory poles of the state space

model and the transfer function from Ref. [9].
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Figure 4-15, Pitch Attitude Response for Bobweight Loop Open and Closed, Flight Condition 3

Eigenvalue Damping | Frequency | Comment
(rad/sec)
State Space Model -0.0347+0.04161 | 0.6406 0.0542 Phugoid
Feel System Excluded -0.0347-0.0416 i
-1.8996+7.411 i 0.2483 7.6506 Short Period
-1.8996-7.411 i
State Space Model -0.0347+0.04161 | 0.6406 0.0542 Phugoid
Feel System Included -0.0347-0.0416 i
Bobweight Loop Open -1.8996+7.411 i 0.2483 7.6506 Short Period
-1.8996-7.411 i
-2.8184+36.6871 | 0.0766 36.7951 Feel System
-2.8184-36.687 i
State Space Model -0.0345+0.0293 1 | 0.7628 0.0453 Phugoid
Feel System Included -0.0345-0.0293 i
Bobweight Loop Closed _ .
-1.6045+7.55691 | 0.2077 7.7254 Short Period

-1.6045-7.5569 i

-0.0071+38.56191 | 0.0002 38.5619 Feel System
-0.0071-38.5619 i e
TF-Function, Ref. [9] | -0.0343+0.02981 | 0.755 0.0454 Phugoid '
Feel System Included -0.0343-0.0298 i
Bobweight Loop Closed .
-6.6357+7.6143 i | 0.657 10.1 Short Period

-6.6357-7.6143 i

-0.0772+39.1999 i | 0.002 39.2 Feel System
-0.0772-39.1999 i

Table 4-4, Eigenvalues, Damping and Natural Frequencies, Flight Condition 3
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The time domain responses from the mathematical model shown in Figure 4-12 and 4-14 are
again compared with equivalent responses derived from transfer functions given in Ref. [9]. The -
transfer functions for pitch attitude & and normal acceleration at the pilot’s position aze to a stick

force input Fr for Flight Condition 3, taken from Ref.[9], are:

0(s) 1936(S+O.0678)(s+l)(s+1.9)(s2+2*O.0917*13.9s+(13.9)2)
Fsr(s)  (s+0.902)(s+17.9)(s2 +2%0.755%0.0454 5+ 0.0454)? Jls? +2%0.657%10.1 5 +(10.1)% Jls? +2%(~0.00197)*39.2 s + (39.2)?
a.p(s) ° ~23430(s+0.000137)(s + 0.0679)(s +1)

Fsp(s)  (s+0.902)(s +17.9)[s? +2%0.755%0.0454 5 + (0.0454)" Jls> +2#0.657%10.15 +(10.1)2 Jls +2#(-0.00197)*39.2 5 + (39.2)°

(Equation 4-44)

Figures 4-16 and 4-17 show the time domain traces generated from the transfer functions stated

above compared with corresponding responses of the mathematical model.
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Figure 4-16, Pitch Attitude Responses for Bobweight Loop Closed,
Flight Condition 3
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Figure 4-17, Normal Acceleration Responses at Pilot’s Position for Bobweight
Loop Closed, Flight Condition 3

Surprisingly, they are very similar. Although, the peak value for pitch attitude & attained by the
mathematical model as illustrated in Figure 4-16, is slightly higher than that of Ref. [9] and the
residual oscillation, present in the pitch attitude response as well as in the normal acceleration
" response, has larger amplitudes in the traces generated by the state space model, it has to be noted
that both sources show a similar behaviour and that neither source exhibits a fading tendency of

the residual oscillation.
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Y

This similarity can be confirmed by comparing the frequency domain responses. Figure 4-18

shows the Bode plot of the open-loop pitch-attitude-to-stick-force-input response for both

sources.
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Figure 4-18, Bode Plot of Pitch-Attitude-to-Stick-Force-Input Response, Flight Condition 3

Corresponding to the values in Table 4-4, both traces exhibit a very pronounced peak in the gain
plot and a non-linearity in the phase plot at the resonance frequency of the feel system. Although
this non-linearity occurs at a frequency that is beyond the usual operational frequency range of
the aircraft, it is interesting to see, what actually influences it. The only possibility to suppress the
residual oscillation is by either increasing the value of the lumped viscous damping in the feel
system (a; in Table 4-3) from 0.208 Ib/in/sec to nearly 0.3 Ib/in/sec or by moving the bobweight

physically closer to the cg by reducing the distance xgy.

Ref.[9] does not claim, that the data given is an exact representation of the actual aircraft. But
since the data from Ref. [9] is the only data available for this project, a change of control system
characteristics such as those mentioned above is not considered to be an option to improve system
performance. Instead, a different approach to building the state space model is considered and

described in the following chapter.
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4.6.3 Second Formulation

In this formulation the stick dynamics are coupled with the airframe straight away. To make the
derivation of this formulation less lengthy, the short-period approximation of the airframe is used.

Equation 3-45 already contains the stick dynamics.

i z., =z 0 :z
{W} _| v {W} 4 Is1 {G’ST } (Equation 4-45)
q m,, m q|la 0 m Ssr ) ST

zs,, and mgs_ are normal force and pitching moment due to stick deflection. They are calculated

as follows
05 and 405 (Equation 4-46)
25 =25, —— mg. =m uation 4-
bt ~ “0s Ay Or ~ s s o 9
with 5 being the gearing ratio K¢ between stick and horizontal stabilisers used for pitch
ST
control.

Bobweight dynamics depend primarily on normal acceleration at the bobweight’s position a.gy. It
may be recalled that according to Equation 4-16 normal acceleration at the bobweight’s position
is

a,=w—qUqy—xpp q (Equation 4-47)

By including Equation 4-47, the equations of motion of the stick, comprising bobweight as well

as feel system” dynamics, can be written as

st |_|-ar/az —aofay||@sr | _|Kpw —Kpwxgw || W] [0 Kgw Ugllw] [Kg/az
§ST 1 0 5ST 0 0 q 0 0 q 0
(Equation 4-48)

Equation 4-45 is now substituted into Equation 4-48 to give
ogr | _|—aifay -aofay ||osr| |[Kpw —Kpwxpw || 2w Zq ||w
557‘ 1 0 5ST 0 0 m., q q

_{KBW —KBWXBW] 0 z5 I:a’ST:l {0 KBWUO}[W:‘ {Kc/az}
0 0 0 mé‘ST 5ST q

(Equation 4-49)

* the feel system includes the gearing ratio K; as demonstrated in Equation 4-32
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Equation 4-49 can be rewritten as

|:‘{’ST:I=I:* aj/ay —ag/ay +Kpy (xBW Mg, —255,)“0’5@_

557* 1 0 §ST

_I:KBW(ZW ;JCBW m,,) KBW(Zq —ng my "UO)} [:}{KGO/GZ}

(Equation 4-50)

To obtain the required state space form, Equations 4-45 and 4-50 are combined to give

asr| |—a/ay —ag/as +KBW(xBW mse. _ZJST) - Kpw(z, —xgw my,) _KBW(Zq —xgw mg~=Up)||wsr | | Kg/a2
Ssr _ 1 0 0 0 Ssr . 0

w 0 2557_ Zy Zq w 0

q 0 m5ST m,, mq q 0

(Equation 4-51)

By considering Equation 4-20, Equation 4-51 may be rewritten

asr| |~a/az —ag/ar +KBW(xBW Mser —Zasr) —Kpw 82, —Kpw&sy, ||wsr| [Kg/a2
5‘57 B 1 0 0 0 st N 0

W 0 25 Zy Zq w 0

q 0 m5ST my, g q 0

(Equation 4-52)

These implementations are now applied to the full-order aircraft model described in

Equation 4-31 to give
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4.6.4 Verification of Aircraft Responses

4.6.4.1

In Figure 4-19 aircraft responses in pitch attitude 6, flight path angle y and angle of attack a to a

Flight Condition 1

0

2557_
mgs_r
0
/74
Kgms,

—ag/ay + KBW(xBW mge = 255,)
0

u

dst

asT |

(Equation 4-53)

4 seconds pulse of 5 1b stick force for the modified state space model are illustrated.
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Figure 4-19, Modified Full Order State Space Model Responses, Flight Condition 1
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Responses for Flight Condition 1 are conclusive. Again the phugoid mode is clearly visible. But
compared to the original responses shown in Figure 4-9, it has to be remarked that amplitudes for
a, yand @ are slightly larger. Also the frequency of the phugoid mode has increased which
becomes apparent when plotting the response of the modified state space model side by side with

the response derived from the transfer function (Equation 4-43) from Ref. [9] as pictured in

Figure 4-20.
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Figure 4-20, Modified Pitch Attitude Response, Flight Condition 1
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Figure 4-21, Modified Bode Plot of Pitch-Attitude-to-Stick-Force-Input
Response, Flight Condition 1

The increase in the phugoid-frequency is confirmed by a shift in gain ratio and phase angle at the

specified frequency as depicted in the Bode plot of the open-loop pitch-attitude-to-stick-force-

input response in Figure 4-21.
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4.6.4.2 Flight Condition 3

Again aircraft responses in pitch attitude 6, flight path angle y and angle of attack « of the

modified state space model to a 4 seconds pulse of 40 1b stick force are investigated.
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Figure 4-22, Modified, Full Order State Space Model Reponses, Flight Condition 3

It is evident in Figure 4-22 that the responses in pitch attitude 6, flight path y and normal
acceleration a.p (Figure 4-24) are no longer disturbed by the residual, high frequency oscillation.
Also, similar to Flight Condition 1, amplitudes are larger than in the responses generated by the
initial full order model decribed in Figure 4-12 or when compared to transfer function responses

from Ref. [9] as illustrated in Figures 4-23 and 4-24.
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Figure 4-23, Pitch Attitude Responses for Bobweight Loop Closed, Flight Condition 3
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Figure 4-24, Normal Acceleration at Pilot's Position, Flight Condition 3
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Figure 4-25, Modified Bode Plot of Pitch-Attitude-to-Stick-Force-Input
Response, Flight Conditon 3

By analysing the frequency domain response of the modified state space model and the response
derived from the transfer function obtained from Ref. [9] in Figure 4-25, it becomes apparent that

the non-linearity is no longer present.

Although the study of the initial state space model described by Equation 4-42 reveals that only
time and frequency domain responses of Flight Condition 3 are affected by the residual, high
frequency oscillation, it is decided to use the modified state space model, derived in the second
formulation in Chapter 4.6.3, for PIO-assessment of both flight conditions. Even though
responses match less accurately the results given in Ref. [9], they appear to be more realistic and

the development of the mathematical model is equally comprehensible.
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5 Application of PIO-Criteria

The PIO-criteria introduced in Chapter 2 are now applied to the mathematical model of the F-4C.
For each of the two flight conditions selected for analysis, four different operational conditions of
the pitch control system are investigated. These are for Flight Condition 1 (FC 1) and Flight
Condition 3 (FC 3) respectively (see also Figure 4-4):

= FCI1-1/FC 3-1 SAS engaged, bobweight loop closed

= FC1-2/FC3-2 SAS disengaged, bobweight loop closed

= FC1-3/FC3-3 SAS engaged, bobweight loop open

= FCI1-4/FC3-4 SAS disengaged, bobweight loop open

= (FC1-5/FC 3-5) (feel system and bobweight excluded, SAS engaged)”

» (FC1-6/FC3-6) (feel system and bobweight excluded, SAS disengaged)

5.1 The Neal and Smith Criterion

Flight Condition 1

For the landing case, according to Chapter 2.1, the Neal and Smith Criterion demands a value of
—90 deg phase lag at a bandwidth frequency of wgy = 2.5 rad/sec for the closed-loop pitch attitude
frequency response. After multiplying the open-loop aircraft transfer function 6(s)/Fsr(s) with the

pilot time delay Dp(s) = e "P°, which is estimated by a 3™ order Pade-approximation with
; = 0.3 sec, the resulting response is plotted on a Nichols chart (see also Figure 2-3). For case
FC 1-1, at 2.5 rad/sec, the open-loop phase angle has already dropped to a value of -267 deg. This
would imply that the pilot would need to generate a phase lead of more than 90 deg to hit the —90
deg closed-loop phase curve with the 2.5 rad/sec bandwidth frequency point. This is a value
beyond any practical application, considering that phase compensation is a measure of pilot
workload, and exceeds the limit of 80 deg phase lead, a criterion boundary in Figure 2-4.
Unfortunately, this applies for cases FC 1-2 through FC 1-4 as well. Therefore, it has to be
concluded that it is not possible to apply the Neal and Smith Criterion to Flight Condition 1 in the

version described in this report.

* only applicable for Gibson Phase Rate Criterion .
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Flight Condition 3

Flight Condition 3, identified as a low-level terrain-following task, can be ascribed to flight
phases of Category A (see Appendix A). Therefore the bandwidth frequency, where a phase angle

of 90 deg needs to be attained, is wsp = 3.5 rad/sec. Again a 3™ order Pade-approximation is

used for the pilot time delay Dp(s) = e "Pi% with ;= 0.3 sec. At 3.5 rad/sec the phase angle of
the open-loop pitch attitude frequency response of the aircraft transfer function for case FC 3-1
multiplied with the pilot time delay Dp(s) is ~112 deg. By employing a Nichols chart it becomes
apparent that the pilot has to generate lag compensation in order to hit the —90 deg closed-loop
phase curve and fulfil the criterion requirements. This applies for all FC 3-cases. A closed-loop
droop of —3.0 dB is achieved for all cases. Table 5-1 lists the values of the necessary pilot gain
compensation Kp, the time constants for the lag compensation Tp; and Tp, the phase

compensation angle ¢ and the value of the closed-loop resonance.

Kp[dB] | Tp;[sec] Tp,[sec] | ¢p[deg] | Closed-loop [dB]
resonance
FC 3-1 55.15 0.209 0390 | -17.60 11.06
FC 3-2 55.09 0.225 0.363 | -13.57 7.73
FC 3-3 55.09 0.219 0.373 | -15.08 8.95
FC 3-4 55.07 0.235 0347 | -11.10 6.73

Table 5-1, Neal and Smith Criterion Parameters for the
Compensated System, Flight Condition 3

The criterion output parameters ¢p and the maximum value of closed-loop resonance are now

plotted on the criterion graph as pictured in Figure 5-1.
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Figure 5-1, Neal and Smith Criterion Boundaries for the Pitch

Tracking Task, adapted from Ref. [2]

Except for case FC 3-1 all cases fall into the Level 2 handling qualities region, exhibiting a

tendency to oscillate and bobble on the target. Case FC 3-1 falls directly onto the Level 2/

Level 3-dividing line, separating strong PIO-tendency from minor bobbling tendency.

5.2 Bandwidth/ Pitch-Rate Overshoot Criterion

Flight Condition 1

The application of the Bandwidth/ Pitch-Rate Overshoot criterion comprises the following steps

to obtain the criterion parameters (see also Figure 2-5).

First, the pitch attitude bandwidth wgyy is calculated, where the phase margin is 45 deg or the

gain margin is 6 dB. The phase plot of the open-loop pitch-attitude-to-stick-force-input frequency

response is examined and the neutral stability frequency wjs), where the phase angle ¢ assumes a

value of —180 deg, is determined.
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For case FC 1-1 it is
;g9 =1.419 rad/sec

Next, the gain plot of the open-loop pitch attitude frequency response is studied and the gain at

w50 = 1.419 rad/sec is read. Here it is

%

Fgr

=-19.917dB
dBj..180

Next a gain margin of 6 dB is added to this value, giving

6

Fsr

=-13917dB

dBBWGgain
In the gain plot of the pitch attitude frequency response, the corresponding frequency can now be

determined. For FC 1-1 it is

OB Wi = 0.285 rad/sec

The next step is to obtain the frequency, where the phase margin is 45 deg. Therefore, the

frequency at ¢y35 = £ . =-135 deg has to be determined. In this case it is

Fsr

w135 = wgwwm =1.158 rad/sec

. Since the bandwidth frequency wpyy is defined as being either OBWgsin O OBWgygs, >

whichever has the lower value, the final value of wgpy is

@ gwe =0.285 rad/sec

For the calculation of the pitch attitude phase delay 7, the phase angle at 2@ has to be

determined.

2w, g0 = 2.838 rad/sec
Proyg, = ~233.438 deg
According to Figure 2-5 the pitch attitude phase delay 7,4 equates to

A¢$2a’130 _ ¢2w180 _¢0’180

_ _ ~0.329
70 T 573 02m5)  57.32arg) °e

The values of all required parameters are listed in Table 5-2 for cases FC 1-1 through FC 1-4
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FC1-1 FC1-2 FC1-3 FC 1-4
@30 [rad/sec] 1419 1.431 1.386 1.401
0 -19.917 -20.454 -24.955 -25.303
T [dB] )
ST dBy__130
P -13.917 -14.454 -18.955 -19.303
o [dB]
ST dBBWBgain
OB [rad/sec] 0.285 0:296 0.982 0.989
W35 = wBWbphase [rad/sec] 1158 : 1.156 0767 L ©:0.762
O pwe [rad/sec] ‘ .
250 [rad/sec] . . 2.772 802
Br01%0 [rad/sec] -233.438 -233.415 -224.235 -224.480
T pe [rad/sec] & - 0277

Table 5-2, Bandwidth/ Pitch-Rate Overshoot Criterion Parameters, Flight Condition 1

For Flight Condition 1 no further parameters are required for PIO-evaluation.

Flight Condition 3

The procedure for acquiring the criterion parameters for Flight Condition 3 is equivalent to Flight

Condition 1. Additionally, a value of pitch rate overshoot AG(q) is required (see also Figure 2-6).

Table 5-3, Bandwidth/ Pitch-Rate Overshoot Criterion Parameters, Flight
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It is obtained from the gain plot of the open-loop pitch rate frequency response FL
ST |48
Table 5-3 lists the values of all required parameters for cases FC 3-1 to FC 3-4.
FC 3-1 FC3-2 FC3-3 FC3-4
@130 [rad/sec] 9.618 10.584 10.200 11.15
P -57.443 -60.453 -59.596 -62.106
T [dB]
ST 1dBy. 150
P -51.443 -54.453 -53.596 -56.106
T [dB]
ST dBBWBgain
wBng ) [rad/sec] 7.720 8.052 -7.934 8.241
o135 = g, radisec] 7765 8.112 7918 8271
Dpwe [rad/sec] : : 3.241°
2a150 [rad/sec] 19.236 21.168 20.400 22.300
Fron 0 [rad/sec] | -225.698 | -229.071 | -227.354 | -230.380
0.0 046 040 0394
T pg [rad/sec] o
AG(q) [dB]

Condition 3
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The criterion output parameters are compared against the established criterion boundaries in

Figure 5-2.
0.4
03 g Susceptible to PIO
Pitch
Attitude
Phase 92 o :
Delay P10 if flight path Bandwidth ©gyy pnase(Y/Fes) < 0.58 rad/sec
PIO if .
Tp9 01 pitch rate v No PIO
. h )
(sec) o % (pitch bobble if pitch rate overshoot
> 12 dB) % AG(q) > 9 dB) o &
i
0 |
0 1 2 3 4 5 6 7 8
Pitch Attitude Bandwidth Dpw, (rad / sec)

FC 1-1, SAS engaged, bobweight loop closed
FC 1-2, SAS disengaged, bobweight {oop closed
FC 1-3, SAS engaged, bobweight loop open

FC 1-4, SAS disengaged, bobweight loop open

> ¢ O O

FC 3-1, SAS engaged, bobweight loop closed
FC 3-2, SAS disengaged, bobwight loop closed
FC 3-3, SAS engaged, bobweight loop open
FC 3-4, SAS disengaged, bobweight ioop open

>» ¢ m o

Figure 5-2,Bandwidth/ Pitch-Rate Overshoot Criterion Boundaries,
adapted from Ref. [15]

The results are very clear. All cases in Flight Condition 1 fall into the region, where PIO-
susceptibility is expected. All cases in Flight Condition 3 show no PIO-potential but a strong
bobble tendency.

5.3 The Smith-Geddes Criterion

Flight Condition 1

The criterion is applied according to the procedure given in Chapter 2.3. Table 5-4 contains the
values of the necessary criterion parameters, which are the average slope S, the criterion

frequency @,,, the phase angle of the pitch attitude frequency response (at @) ¢.., and the phase
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angle of the normal acceleration frequency response (at @..) @..r. As explained earlier, it is
assumed that the pilot changes cues from controlling pitch attitude to controlling normal
acceleration at the criterion frequency. The normal-acceleration-to-stick-force-input frequency
response at the pilot’s position depends on the distance between pilot seat and cg. For Flight

Condition 1, according to Table 4-1, it is [,7=16.3 ft.

FC1-1 FC1-2 FC1-3 FC1-4
A [dB/octave] -16.105 -16.008 -13.957 -13.878
Wy [rad/sec] 2.135 2.158 2.65 2.67
@er [deg] -214.82 -214.604 -220.83 -220.77
Duzp [deg] -180.6 -179.7 -149 -146.9
Pcazp [deg] | -211.126 -210.56 -186.9 -185.086
Levell: ¢, >2-123
Level2: -123>¢,. >-165 PIO if ¢CazP < -180 deg
Level3: ¢, <-165
Table 5-4, Smith-Geddes Criterion Parameters, Flight Condition 1
Flight Condition 3

For Flight Condition 3, according to Table 4-1, the distance between the pilot seat and the cg is
[/=16.2 ft. The values of the average slope S, the criterion frequency @,,, the phase angle of the

pitch attitude frequency response (at @) ¢, and the phase angle of the normal acceleration

frequency response (at @,) ¢,.p are listed in Table 5-5.

FC 1-1 FC1-2 FC1-3 FC 14
S [dB/octave] 0.122 -0.497 -0.233 -0.825
Wy [rad/sec] 6.03 5.88 5.94 5.80
Bor [deg] -76.8 -79.31 -79.87 -81.70
Pap [deg] -52.9 -55.1 -55.93 -57.37
Pcazp [deg] -139.1 -139.18 -140.93 -140.34
Levell: ¢, 2-123
Level 2: —123>¢,, 2-165 PIO if e, p < —180 deg
Level3: @, <-165

Table 5-5, Smith-Geddes Criterion Parameters, Flight Condition 3
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The values of the criterion parameters can now be plotted in the graph depicted in Figure 5-3

below.
Criterion FC 1-1, SAS engaged, bobweight loop closed o
F(recét;enc)y FC 1-2, SAS disengaged, bobweight loop closed u
rad/sec
.ﬂ 6+ FC 1-3, SAS engaged, bobweight ioop open o
FC 1-4, SAS disengaged, bobweight loop open A
51
FC 3-1, SAS engaged, bobweight loop closed ®
FC 3-2, SAS disengaged, bobwight loop closed L]
NOPIO 4l PIO FC 3-3, SAS engaged, bobweight loop open .
' FC 3-4, SAS disengaged, bobweight loop open A
bosl
Cat.1PIO / o
possible 1
2 fs)
b
] ———
60 -0  -100 -120 -140  -160 -180 200 220 -240  -260
Pitch Attitude Phase Angle at Criterion Frequency (deg)

Figure 5-3, Smith-Geddes Criterion Boundaries, adapted from Ref. [15]

The results are again unambiguous. All cases of Flight Condition 1 are susceptible to PIO. All
cases of Flight Condition 3 are resistant to P1Os.

5.4 The Phase Rate Criterion

The application of the Gibson Phase Rate Criterion has to be viewed with reservation. As
discussed in Chapter 2.4, the criterion was primarily developed to assess FBW-aircraft and the
influence of HOS-effects in the design-phase of a new aircraft, as successfully demonstrated in
development of the control laws for the Eurofighter/Typhoon. The F-4C is a conventional aircraft
that uses a purely mechanical artificial feel system with mechanical gearing and a bobweight.
Also, the mathematical model described in this report is limited and of rather low order compared
to control systems of 2™ and 3™ generation fighter aircraft. The motivation for applying this
criterion to the F-4C model is to see, if the results differ from those obtained with the previous

criteria.

As mentioned earlier, Ref. [5] and Ref. [15] give two different interpretations as to what system

inputs are required for PIO-evaluation. According to Ref. [15], analysis is based on the frequency
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response of 6/8r. Ref. [5] utilises the frequency response of 6/Fy like the Bandwidth/Pitch-Rate

Overshoot Criterion. Both versions of the criterion are used in this project.

If stick deflection is the referenced system input, then feel system and bobweight dynamics need

to be excluded. The feel system-gearing remains part of mathematical model. According to

Figure 4-4, the required transfer function has to be 6(s)/ 5§T (s). In this case, the two control

system conditions, bobweight-loop open/bobweight-loop closed, are omitted. The modified

mathematical model of the aircraft is

u Xy Xy Xq Xg Xsg 0 u 0
W z, Zy z4 Zg Z5g 0 w 0
q my, m,, mgy mg msg 0 q 0 ¥
.= + ST
) 0 0 1 0 0 0 0 0
5 0 0 0 0 -1/TA -Kq/TA|| &5 K¢ /T4
_55&15_ _Kq m, Kqm, Kqm, Kqmg Kgq Mg -1 | _5SSAS_ 0]
LT M ow 1
w w
q q
7] I 0 .
S¢ |= 6 |+|0 [5§T]
OS54 e 5SSAS
a 0 UYVpg O 0 0 O
Y4 0 - I/VTO 0 1 0 0
L x| |L81x gax g3x 84ax 8s5x 0_ L L]

(Equation 5-1)

The values of the criterion parameter average phase rate PR ;g and cross-over frequency w,, for

stick-force inputs Fsr and stick-deflection inputs 5;T are listed for Flight Condition 1 and Flight

Condition 3 respectively in the following tables.
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Flight Condition 1

a) Stick-Force Input

FC 1-1 FC 1-2 FC 13 FC 1-4
w150 [rad/sec] 1.419 1.431 1.3859 1.401
fiso [Hz | 0226}~ 02 022
2w [radfsec] 2.838 2862 | 27718 2.802
20 [Hz] 0.452 0.456 0.442 0.446
b0, [deg] | 233438 | -233415| 224235| -224.48
PR,y [deg/Hz] | "+

Table 5-6, Phase Rate Criterion Parameters for a Stick Force Input, Flight
Condition 1

b) Stick-Deflection Input (Feel System and Bobweight Dynamics excluded)

FC1-5 FC1-6
w180 [rad/sec] 3.079 3.17
2wy [rad/sec] 6.158 | 6.34
2150 [Hz] 0.98 1.01
é 208 [deg] -192.93 -1933
PR [deg/Hz] : 2 64

Table 5-7, Phase Rate Criterion Parameters for a
Stick Deflection Input, Flight Condition 1
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Flight Condition 3

a) Stick-Force Input

W50 [rad/sec]

ﬁ80 [HZ] R GRS
2wy [rad/sec] 204 —

2f1%0 [Hz] 3.062 3.37 3.246 3.55
é 20150 [deg] -225.698 -229.071 -227.354 -230.38
PRs [deg/Hz] | 29.84¢ 39

Table 5-8, Phase Rate Criterion Parameters for a Stick Force Input, Flight
Condition 3

b) Stick-Deflection Input (Feel System and Bobweight Dynamics excluded)

FC 1-5 FC 1-6
w8 [rad/sec] 10.636 11.72
fiso [Hz] | 1693 | 1865
2wy [rad/sec] 21.727 23;44
2fis0 [Hz] 33.386 3.73
G2, [deg] | -218.345 -220.12
PRy — [degHz] | = 22.656 | = 2152

Table 5-9, Phase Rate Criterion Parameters for a
Stick Deflection Input, Flight Condition 3

The values are then plotted on a graph with the established criterion boundaries illustrated in

Figure 5-4.
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250
B
200 O
—
Average / L3 (PIO)
150 |
phase y ¥
rate / L2 (P10)
i
(deg/Hz) 100 [ !
L1 (No P10)
50
fj ] C.A a
0
0 02 04 06 08 10 12 14 16 18 20 22 24
0,4, Frequency at 180 deg lag [Hz]

FC 1-1, SAS engaged, bobweight loop closed
FC 1-2, SAS disengaged, bobweight loop closed
FC 1-3, SAS engaged, bobweight loop open

FC 1-4, SAS disengaged, bobweight loop open
FC 1-5, feelsystem excluded, SAS engaged

Do > O 0o

FC 1-6, feelsystem excluded, SAS disengaged

FC 3-1, SAS engaged, bobweight loop closed
FC 3-2, SAS disengaged, bobwight loop closed
FC 3-3, SAS engaged, bobweight loop open
FC 3-4, SAS disengaged, bobweight loop open
FC 3-5, feelsystem excluded, SAS engaged

e > ¢ mR o

FC 3-6, feelsystem excluded, SAS disengaged

Figure 5-4, Phase Rate Criterion Boundaries, adapted from Ref. [13]

Looking at Figure 5-4, it has to be pointed out that for Flight Condition 1 it does make a
tremendous difference, whether feel system and bobweight dynamics are included or excluded in
the mathematical model. With the feel system and bobweight included, all cases of Flight
Condition 1 display a strong PIO-tendency, whereas if the feel system and bobweight are
excluded, two cases (SAS engaged and SAS disengaged only) are close to the L1-L2 line, but stiil
within the L1 region (no Cat. I PIO).

All cases for Flight Condition 3 fall into the Ll-region and therefore no PIO-tendency is

anticipated.
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5.5 The Dropback Criterion

It has been mentioned, that the Gibson Dropback Criterion is rather a handling qualities criterion
than a tool to evaluate PIO-potential. Therefore, it also has to be regarded with prudence. The
criterion parameters are attitude dropback to steady state pitch rate A8/ gss and maximum pitch
rate to steady state pitch rate gpew / ¢ss as illustrated in Figure 2-13. Since the F-4 is a
conventional aircraft, it displays typical time domain responses to a pulse-input, as pictured in

Figure 5-5.

Elevator

| Reducing pitch rate|
Pitch rate

\/’

ADA raturns
Angle of attack to original
S
Altitude setties
back to originai
Attitude
Time

Figure 5-5, Conventional Aircraft Responses, adapted from Ref [7]

The pitch rate decreases while exposed to the pulse input and the pitch attitude settles back to the
original value, when the input is removed. For the devised mathematical model the decrease in
pitch rate is marginal but perceivable. The drop in pitch attitude is far more apparent and

illustrated in Figure 5-6.
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v g
[deg] *® e
5 7~
"o Y P 6 8 10 12
time [sec]

Figure 5-6. Pitch Attitude Response to a Rectangular Pulse Input of State Space Model

To acquire a response that resembles the response depicted in Figure 2-12, which is characterised
by steady state value in pitch rate and pitch attitude, the phugoid mode has to be omitted. This is
accomplished by using the short period approximation of the aircraft as described in Equation

5-2.

7 L
_Q_ ’nW mq q m§S

Mt MRS

Applied to the full-order aircraft model, this gives

(Equation 5-2)

Z, z, Z5, 0 0 Z5g w 0
m,, m, ms, 0 0 M, q 0
0 0 -1/TA —Kq/T4 0 1/74 s 0
5 + 0 [Fsr]
Kgm, Kqm, Kgms, -1 0 Kqms Sas
~Kpw &pw  —Kpw 3w 0 0 -ajfa, -a\/a, +KBW(xBW Mmse "Zﬁsr) @gr KG/aZ
0 0 0 0 1 0 osr ] L 0 |
oW T
q
I S 0
2514 lipr)
Sss )
@5t
JLésr ] L]

(Equation 5-3)
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Although pitch attitude & is no longer a defined state in the state space model, it can be obtained

by integrating pitch rate g, since ¢ =86 . In terms of Laplace transforms, this is accomplished by

raising the order of the denominator of the q(s)/Fs(s) transfer function by one.

The criterion is now applied to the modified aircraft model. It is necessary to generate a pulse
input of sufficient duration and to continue the recording of the response for some time after the
input has been removed, so the short period mode transition phase in pitch attitude is completed
and a steady state value is attained. The values of the criterion parameters are listed in the tables

below.

Flight Condition 1

For Flight Condition 1 a stick force input of 10 Ib is applied for 10 sec.

FC1-1 | FC12 | FC13 | FC1-4

A9 2.06 2.05 1.11 1.09

qSS

4 peak 2.77 2.74 1.4 1.39
qSS

Table 5-10, Dropback Criterion Parameters, Flight
Condition 1

Flight Condition 3

For Flight Condition 1 a stick force input of 1 1b is applied for 43 sec.

FC3-1 | FC3-2 | FC3-3 | FC3-4

A0 0.51 0.47 0.5 0.46

G

9 peak 38 3.41 3.58 321
'

Table 5-11, Dropback Criterion Parameters, Flight
Condition 3

The values are then compared against the established criterion boundaries as illustrated in Figure

5-7.
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Application of PIO-Criteria

q peak

q.Y.Y

~~e
-

~—~
~—
~-
~.

FC 1-1, SAS engaged, bobweight loop closed
FC 1-2, SAS disengaged, bobweight loop closed
FC 1-3, SAS engaged, bobweight loop open

FC 1-4, SAS disengaged, bobweight loop open

FC 3-1, SAS engaged, bobweight loop closed
FC 3-2, SAS disengaged, bobwight loop closed
FC 3-3, SAS engaged, bobweight loop open
FC 3-4, SAS disengaged, bobweight loop open

> O O o

> ¢ m e

Aapeak / 9

According to the Dropback Criterion, all cases of Flight Condition 3 are prone to PIO. The two

Figure 5-7, Dropback Criterion Boundaries, adapted from Ref. [13]

cases of Flight Condition 1, where the bobweight loop is open, are the only cases with an

acceptable response.

72




Investigating the PIO-Susceptibility of the F-4C Summary of Findings and Conclusions

6. Summary of Findings and Conclusions

A summary of all results is given in Table 6-1.

Criteria Flight Condition Result

Neal and Smith 1 N.A.
3 Bobble-tendency

Bandwidth/ Phase-Rate Overshoot 1 Susceptible to PIO
3 Bobble-tendency

Smith-Geddes 1 Susceptible to PIO
3 No PIO-tendency

Gibson Phase-Rate 1 Susceptible to PIO
1* No PIO-tendency
3 No PIO-tendency
3* No PIO-tendency

Gibson Dropback 1® No PIO-tendency
19 Susceptible to PIO
3 Susceptible to PIO

* feelsystem excluded
® SAS engaged/ disengaged bobweight loop open
© SAS engaged/ disengaged bobweight loop closed

Table 6-1, Summary of Results

As documented in Table 6-1, the majority of the applied criteria ascertain a strong PIO-tendency
for Flight Condition 1, the low speed case, and a minor bobble-tendency or no PIO-tendency at
all for Flight Condition 3, the high speed case. The only exception is the Gibson Dropback
Criterion, which finds that all cases of Flight Condition 3 are PIO-prone and two cases of Flight
Condition 1 are acceptable. It has to be noted that the results provided by the various criteria
differ in their valence. The Smith-Geddes Criterion and the Gibson Dropback Criterion simply
discriminate between PIO-prone and non-PIO cases. The Neal and Smith Criterion and the
Bandwidth/Pitch-Rate Overshoot Criterion additionally investigate pitch-bobbling and other
harmless, but undesirable, oscillatory tendencies. The Gibson Phase Rate Criterion can be
ascribed to either group, depending on the interpretation of the criterion boundaries, as described

in Chapter 2.4. In this context, the results may be interpreted in the following fashion.

The Neal and Smith Criterion predicts a tendency to bobble on the target and to oscillate or

overshoot, equivalent to Level 2 handling qualities, for three cases of Flight Condition 3. Case
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FC 3-1 falls directly onto the border line, separating minor bobble-tendency and strong PIO-
susceptibility. Again, it is not possible to apply the Neal and Smith Criterion to any cases of
Flight Condition 1. With the Bandwidth/Pitch-Rate Overshoot Criterion it is found that all cases
of Flight Condition 1 are susceptible to PIO, whereas all cases of Flight Condition 3 display a
tendency to bobble. This corresponds to the findings of the Neal and Smith Criterion. The Smith-
Geddes Criterion predicts that all cases, belonging to Flight Condition 1, are PIO-prone and all
cases of Flight Condition 3 exhibit no PIO-potential. This is confirmed by the results obtained
with the Gibson Phase Rate Criterion, but only in case stick force is used as system input. If the
feel system and bobweight dynamics are excluded and stick deflection becomes the relevant

system input, all cases of Flight Condition 1 and 3 fall into the No-PIO region.

These results are all fairly consistent. The results supplied by the Gibson Dropback Criterion on
the. other hand do not correspond at all. All cases of Flight Condition 3 are PIO-prone and only
two cases of Flight Condition I are found to be acceptable. McRuer claims in Ref. [13] that the
Dropback Criterion is only applicable to rate-type control elements and will not directly apply to
attitude command-type control systems, valid for the effective F-4C dynamics. By using the
short-period approximation of the full-order aircraft model, it is attempted to give the initially
conventional aircraft response a rate command-type characteristic. But this action may have
altered dominant aircraft properties, possibly falsifying the results. Furthermore, it is mentioned
earlier that the Gibson Dropback Criterion is principally a criterion intended to assess handling
qualities. It may therefore be concluded that it is not suitable for evaluating PIO-susceptibility in

this given case.

In summary, it has to be pointed out that it was not possible to find any indications that would
explain the PIO-incident during the attempted low altitude high speed run, described in
Chapter 3. Also, neither in interviews with former F-4 pilots nor through the extensive study of
contemporary literature on this topic could the PIO-tendency, discovered for the landing/approach
scenario, be verified. This is most probably due to deficiencies in the aircraft modelling. As
mentioned earlier, the accessible information from Ref. [9] is very limited and does not claim to

be an exact representation of the actual aircraft.

Conclusively, it can be said that this report does satisfy the intention of providing a consolidated
review of current PIO-criteria, identifying shortcomings and serious misconceptions about
applicability and validity of the criteria. This only shows that more research is necessary on the
way to a unified approach to predict PIO, so that at some point it will be feasible to completely

rule out the possibility of a PIO, preferably early in the design phase of an aircraft.
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Appendix A

Operational Flight Envelopes (adapted from Ref. [1])

Flight phase category Flight phase

Air-to-air-combat

Ground attack

Weapon delivery/launch
Reconnaissance

A In-flight refuelling (receiver)
Terrain following

Maritime search

Aerobatics

Close formation flying

Climb

Cruise

B Loiter

In-flight refuelling (tanker)
Descent

Aerial delivery

Take-off
C Approach
Overshoot

Landing
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Appendix B

Levels of Flying Qualities (adapted from Ref. [1])
Level 1 Flying qualities clearly adequate for the mission flight phase
Level 2 Flying qualities clearly adequate to accomplish the mission flight phase, but

with an increase in pilot workload and/or degradation in mission

effectiveness

Level 3 Degraded flying qualities, but such that aeroplane can be controlled,

inadequate mission effectiveness and high, or limiting, pilot workload.
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