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Abstract

One of the most hazardous external distur-
bances for civil and military aircraft is a severe
wake vortex encounter. Primary effect on a
trailing aircraft is the induced rolling moment.
Depending on the encounter conditions also a
noticeable reaction around the pitch axis can
occur. Investigation of such incidents in flight
tests depends on environmental conditions and
can be quite expensive. For minimizing these
factors and to reduce development time, it is
desired to simulate the pilot-vehicle system re-
action in ground simulation first. In this pa-
per an approach is presented to model dual-
axis pilot behaviour during a wake vortex en-
counter in manual flight. The Modified Op-
timal Control Model (MOCM) was chosen to
represent the pilot dynamics and for predic-
tion of pilot-vehicle system responses in such
surprisingly occuring case. Since the model re-
quires a continuous input signal for parameter-
ization, the assumption was made that manual
control is carried out first in turbulent atmo-
sphere. Adapted to the turbulence signal, the
aircraft flies into the wake vortex and the pilot
starts reacting to the turbulence, not changing
his stereotype immediately. Experimentally
obtained operator results successfully demon-
strate the applicability of this extrapolation for
the first half oscillation of the wake vortex sig-
nal. Besides linear aircraft dynamics, experi-
ments have been executed for nonlinear actua-
tor dynamics, too.
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c Control Vector
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< Optimal Control Input
J Cost Function

Ky, Gain Coefficient of Yj,
L Roll Moment, Nm

M Pitch Moment, Nm
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T Lag Time, s

t Time, s

\% Aerodynamic Velocity, m/s
Vy, Uy Observation and Motoric Noise
x State Vector

x Estimated State Vector

Yia Transfer Function from a to b
Y, Pilot Observation Vector

Q@ Angle of Attack

Ié] Sideslip

0 Aileron Deflection

e Elevator Deflection

¢ Damping Coefficient

(C) Pitch Angle

o Standard Deviation

o2 Variance

T Visual Delay Time, s

P Bank Angle

AUy Horizontal Encounter Angle
w Natural Frequency, rad/s
Subscript

1 Channel number

1 Introduction

1.1 Background

One of the most hazardous external disturbances for
civil and military aircraft is a severe wake vortex en-
counter. Counterrotating vortices as a result of aircraft
lift generation create a hazard to followers and are a
major contributor to airport capacity limitations.

Primary effect on a trailing aircraft is the induced
roll moment, which may lead to a high bank angle
for strong disturbances. Several reasons can be stated
herefore. First the vortex is a sudden high frequency
input signal with sometimes also large amplitudes. Sec-
ond the pilots do not manage to react in time due to
their inherent time delay. Third the aileron effective-
ness of real aircraft is limited in bandwidth and mag-
nitude. Encounter intensity is influenced by the size
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of the generator aircraft. Depending on the encounter
conditions and aircraft dimensions also a coupled reac-
tion in roll, pitch and yaw channel can be observed.
Investigation of such incidents in flight test phase can
be expensive and time consuming. To reduce devel-
opment time and risk during flight test phase ground
based investigations are needed first. Mathematical
tools can determine safety boundaries of encounter con-
ditions while considering pilot behaviour. These bor-
ders can be verified by simulator experiments prior to
real test flights.

When the pilot starts to counter the effects of the wake
vortex, he becomes part of the closed loop pilot-vehicle
system. His behaviour is adaptive in nature and de-
pends on the aircraft dynamics as well as the input
signal. In the past several pilot models have been de-
veloped to approximate human behaviour for specific
tasks.

One investigation done on wake vortex encounter used
the Crossover Model [1], which is widely used in the re-
search community. This model describes the pilot be-
haviour for single-axis tracking task near the crossover
frequency. In that study it was tuned by the experi-
mentally obtained side-stick roll command.

Higher computer performance and introduction of op-
timal control theory led to the development of the Op-
timal Control Model [2] in the late 1960’s, which bears
the advantage of calculating the pilot behaviour for a
given task. Another advantage is its ability to model
coupled multi-axis tasks, too. All investigations with
the OCM were undertaken for linear aircraft dynamics,
neglecting nonlinearities until now. Disadvantages in
the model structure led to the development of a mod-
ification presented by /Davidson and Schmidt/ [3] in
the early 1990’s. Retaining all other fundamental fea-
tures of the original model, it got the name Modified
Optimal Control Model (MOCM).

1.2 Objectives

Main goal of this study was to use the ability of the
MOCM algorithm to model multi-axis manual control
tasks. It should be applied for investigation of pilot-
vehicle system reaction during wake vortex encounter.
The encounter situation has been restricted to reac-
tions in roll and pitch channel. Besides linear aircraft
dynamics the actuator dynamics were modelled with
linear and nonlinear behaviour.

Purpose of the investigation was to develop a method
for prediction of wake vortex encounter during manual
control flight. For flight safety reasons and for cost re-
duction such a tool is of great importance in the aircraft
design process. Once the feasibility has been demon-
strated, the implemented tool could be used to support
ground based investigation.
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1.3 Method

The developed method uses the MOCM for mod-
elling pilot behaviour during manual control task. For
paramterization of this algorithmic model a continuous
input signals is required. Thus, to predict the pilot-
vehicle system reaction during wake vortex encounter
a hypothesis was stated: Manual control is carried out
in turbulent atmosphere prior to the encounter. The
pilot flies into the wake vortexr adapted to the turbu-
lence input signal. When he reacts to the disturbance,
he does not change his behavior instantaneously.

If this hypothesis is true, then modelling pilot-vehicle
system reation in a wake vortex encounter with a pi-
lot model trained to turbulence input is possible. This
means human behaviour could be extrapolated from
the stabilization task under the premise that the first
reactions are the most serious.

2 Pilot Model

Basis of the OCM development process and its deriva-
tives is the assumption that a highly-trained human
operator during a high precision task acts as an opti-
mal controller within his psycho-physiological limita-
tions. He does this by estimating the states of a con-
trolled system and developing a control strategy while
minimizing a quadratic cost function. This function
considers the n-dimensional state vector z(t) and the
m-dimensional vectors of control ¢(¢) and control rate
¢(t). They symbolize operator performance, workload
and physical limitations.

) I [ (aQd" 4 et 4 iGET) dr

The weight matrices ¢ and R must be positive

semidefinite, the weight matrix G positive definite.
The algorithmical implementation considers the
psycho-physiological processes of information detec-
tion, decision making and action execution by adap-
tation blocks for system state estimation and optimal
controller determination. These blocks require the so-
lution of two algebraic Ricatti equations. For mod-
elling, the following attributes of pilot behaviour are
taken into account: delay of information detection rep-
resented by a time delay e~ 7%, addditive observation
noise v, (t), additive motoric noise v,,(t) and inertia of
the neuromotor system considered by a first order lag
time T . The block scheme of the MOCM is shown in
FIG. 1. A linear state-space representation is required
for the aircraft dynamics. In contrast to the OCM the
visual delay block is placed at the ouput of the system,
which is equivalent in linear systems. This allows to
describe the adaptation blocks with transfer functions,
which is more common in control theory.

Many of the pilot model parameters, e.g. signal-to-
noise ratio, neuromotor lag time constant and others
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have to be set in advance. From a wide number of ex-
periments [2, 3, 4] it has been determined that the ob-
servation signal-to-noise ratio is almost constant 0.01.
The motor signal-to-noise ratio for single axis tasks
equals 0.003, for multi-axis task this value can signi-
ficiantly increase from 0.01 up to 0.05 [5]. Neuromotor
lag time is normally of the order of Ty = 0.1 s and can
differ for different control channels. Observation time
delay is between 0.2 s and 0.5 s.

In FIG. 2 the algorithm is shown that is executed to
set up the single-axis pilot model. First the aircraft
dynamics are augmented by the perception and obser-
vation delay block. Then the optimal controller is cal-
culated for the augmented system. This is done in an
iterative procedure until the weightings of the matrix G
correspond to the required neuromotor time lag*. Fol-
lowing, the Kalman-Bucy-Filter is calculated for the
augmented system with neuromotor lag. This, again
an iterative procedure, is stopped when the desired
signal-to-noise ratios are achieved. Once all elements
have been determined the pilot model transfer function
can be calculated. The modelled behaviour has to be
compared to the experiments. If no correlation exists,
the model parameters can be adjusted until the model
function approximates the pilot behaviour.

In multi-channel tasks the pilot divides his attention
to the different channels, which must be taken into ac-
count during pilot behaviour modelling. This can be
reached by modifying the cost function, normalizing
every channel i according to its input signal aﬁ” 5

ve, T 9i0¢,

ag;..
@) J=min Y Jues t 9%,
. T

This cost function becomes minimal for optimal val-
ues of the fractional attention, which are obtained by
the approach described in /McRuer and Schmidt/ [5].

3 Simulation Model

3.1 Aircraft Dynamics

For simulation of the encounter aircraft a fighter air-
craft from the type SU-17 (SU-22) was chosen. To
simplify modelling the aircraft was assumed symmet-
ric and the correlated moment of inertia Ixz was ne-
glected.

The angle of attack was assumed to be small during
the whole experiments. Thus, longitudinal and lateral
motion have been modelled decoupled. The only con-
trol surface deflections considered are from the elevator
de and from the aileron §,. In FIG. 3 the overall pilot-
vehicle system under the influence of disturbances is
shown.

*The proof of this statement is shown in [2] and [3]
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3.1.1 Longitudinal Dynamics

Both turbulence and wake vortices can be regarded as
A« perturbations. Consequently, they are exciting the
short period mode predominantly. The resulting trans-
fer function from elevator to pitch angle can be found
in /McRuer, Ashkenas and Graham/ [6]:

Kos,(To1s+ 1)
(8% + 2Cspwsps + WEP)'

(3)  Yosls) = -

3.1.2 Lateral Dynamics

In lateral motion strong dependency exists between
yaw and roll channel. This cannot simply be neglected
during turbulence. Nevertheless, the transfer function
in /McRuer, Ashkenas and Graham/ [6] has been sim-
plified. Since the aircraft dynamics were measured at
discrete frequencies, differences became visible in the
frequency plots between the experiment and mathe-
matical modelling. Close relation in the frequencies of
the dutch roll and the zeroes led to peaks in the fre-
quency plots. They altered the behaviour of the open-
loop system and complicated comparison. Therefore,
the poles of the dutch roll were supposed to cancel the
zeros in the relationship from aileron to bank angle:

Kas,
(TRS + 1)(T55 + 1) '

(4) Yas,(5) =

3.1.3 Actuator Dynamics

Real actuators are not only inert in their behavior but
also nonlinear. The maximum rates and deflections are
limited according to their physical limitations. A non-
linear simplification of actuator behavior is shown in
FIG. 4.

For setup of the pilot transfer function in nonlinear
case an analytical description of actuator behavior is
required instead of a block scheme. In /Graham and
McRuer/ [7] the method of statistical linearization is
explained that allows to approximate a limit block by
a gain coefficient K:

N (.scmaz
K(§r) =erf <\@0’5 )

(5)

This gain depends on the limit value 5cma$ and the
standard deviation o, of the block input signal d.(¢)
via the error function er f. The coefficient is calculated
in an iterative procedure until a predetermined limit
value is not exceeded between two subsequent gains.
During turbulence flight, deflection angles can be as-
sumed close to zero. Hence, only the rate limit has
been taken into account for setup of the pilot model.
The gain finally influences on the actuator dynamics
by increasing the actuator lag time constant (K < 1):

TThe weight coefficient r; for the control signal c(t)is assumed to equal zero.
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1

YAl = w1

(6)
For the linear case the limitations can be neglected
and the gain K equals one. Linear as well as nonlin-
ear actuators have been used in this study. The rate
limit has been set 5cma$ = 20°/s and the lag time
T = 0.03 s. Position limits of the control surface de-
flections depend on the control channel (TAB. 1).

3.2 Turbulence Model

Atmospheric turbulence can be modelled by augment-
ing the equations of motion with disturbance inputs.
A typical way of disturbance description is the usage
of gust angles ar or Br. Their influence on the air-
craft states can be described by the disturbance trans-
fer functions /McRuer, Ashkenas and Graham/ [6]:

K@aT (T@QS —+ 1)
52 + 2(pwsps + w2,

(7) Yoar(s) =

and

(®)

Kap.s(Tpas + 1
Vasr (5) = v 2z £ 1

(Trs +1)(Tss + 1)(s? + 2¢qwqs + w3)

The gust angles themselves can be considered as
stochastic processes defined by velocity spectra. The
Dryden wind model is used to model atmospheric tur-
bulence with the flight conditions given in TAB 2. It
describes the random velocity profile in each axis by
shaping filters feeded by white noise.

3.3 Wake Vortex Modelling

Depending on the horizontal encounter angle AWy
and vortex intensity 'y a trailing aircraft will expe-
rience strong disturbances in pitch and bank motion.
The encounter geometry is shown in FIG. 5.

In this investigation a simplified vortex input signal has
been used, symbolizing an additional moment. Both
aircraft channels have been disturbed by a damped si-
nusoidal signal. This represents a horizontal encounter,
where both vortices are crossed by the trailing aircraft.
It was based on time plots from simulator experiments
and mainly depends on the encounter angle AWy .
Its general form is:

(9) AM = Apaze” 7019 sin (w(t — tg))

Only the vortex amplitude A,,., and the frequency
w have been varied. Crossing time of the geometric
center of the vortices has been determined by the pa-
rameter tg. The frequency w is the same for both chan-
nels and can be calculated from FIG. 5 for a given en-
counter angle AWy . Generator aircraft span for the
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vortex experiments was set to b = 30m, three times
the encounter aircraft span. The amplitudes A,,, for
both axes were selected in relation to the maximum
aileron effectiveness of the encounter airplane and the
encounter angle. Their ratio has been derived from ex-
periments.

In FIG. 6 an example for such an approximated input
signal in the roll channel is shown. Thereby, the mo-
ment has been divided by the moment of inertia Iy x to
obtain the additional angular acceleration Ap for bet-
ter interpretation. Since the plot for the pitch channel
looks similar, it is not presented here.

It can be seen that for higher encounter angles the max-
imum additional roll acceleration is decreasing and the
signal gets narrower. Also in longitudinal channel the
signal gets narrower, but in contrast the maximum am-
plitude is increasing.

The transfer functions between the pitch and bank at-
titude respectively and the additional moment are as
follows:

Koam(Toszs +1)
5(82 + 2(spwsps + wgp)

(10) Y@AM(S) =

and

(11)

K. 52 4+ 2CwoWuwn + wfw
Yoar(s) = ( rar( ¢ )

Trs+ 1)(Tss + 1)(s% + 2(qwas + w?)

4 Experimental Setup and Exe-
cution

4.1 Workstation
4.1.1 General

All experiments have been executed with the work-
station of the Pilot-Vehicle Laboratory (PVL) of the
Moscow Aviation Institute. This simulator was built
to allow preliminary or basic research for ground based
or inflight simulations. It was proven in a wide number
of experiments of manual control tasks. At the PVL,
investigations regarding to handling qualities and pilot-
induced oscillations were executed. The setup of the
workstation allows to undertake experiments not only
in one axis but also in two axes. Thereby control com-
mands are generated by a side-stick with a feel system
of high quality that was developed by specifications of
a commercial aircraft manufacturer.

4.1.2 Hardware Elements

The workstation consists of a desk, a standard per-
sonal computer, a monitor, an A /D-converter card and
a chair with an armrest-mounted 2-axis side-stick. The
rudder pedals, which are shown also in FIG. 7, were not
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used in this study. The stick can be deflected in longi-
tudinal and lateral axes. Thereby, deflections are lim-
ited to £16° in longitudinal and £20° in lateral axis.
Further, the side-stick is equipped with adjustable oil
dampers in both axes. Conversion to an electrical sig-
nal is realized by battery driven potentiometers that
are connnected to the A/D-converter card.

4.1.3 Software

The experiment software was developed in Mat-
lab/ Simulink and requires a Windows PC with Matlab
(Version 6.5 or higher). It provides a dialog driven in-
terface for communication with the user and a Simulink
model of the control loop for execution of real time ex-
periments. After each experiment the time signals of
the control error and the pilot reaction in both chan-
nels have been saved for comparison to the mathemat-
ical modelling.

During manual control task the piloting operator saw
an artificial horizon (FIG. 8). There the aircraft states
are shown in the coordinate representation. Both er-
ror signals e; and e are displayed independently from
each other in one display. For longitudinal motion the
small horizontal bar moves up and down. Deviations in
the lateral channel are shown by the long line rotating
around the center. Hence, the pilot has been forced to
divide his attention to both channels. This led to de-
terioriated tracking performance in dual-channel task.

4.2 Experiment Execution

The manual control experiments have been effectively
divided into two levels. At the first level turbulence
experiments were executed to set up the pilot model.
Next, the vortex encounters were simulated with lin-
ear and nonlinear actuator dynamics. An experienced
workstation operator and the author executed the ex-
periments. This was regarded sufficient for principal
demonstration of the approach. Both operators got
the possiblity to train on the turbulence signal before
the experiments.

Turbulence flights were executed as series of three ex-
periments, each with a length of 144 s. The obtained
results were averaged over a series in the workstation
software. So, several plots for each pilot have been
obtained.

The vortex encounters were executed with an overall
length of 80 s. The turbulence signal was activated for
48 s and replaced by the vortex signal after a short
break. To prevent pilot adaptation to the wake vortex
signal, the following parameters were randomly cho-
sen before every experiment: encounter angle, factor
of the maximum additonal roll moment and the en-
counter side (TAB. 3).

Intensity of the turbulence signals has been defined in
standard deviation of additional pitch angle og and
roll angle 0. Both values are given in TAB. 4. They
have been changed for the wake vortex encounter.
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High values were only necessary to train the pilot to
the signal. Low signal amplitudes were necessary to
see a clear difference between turbulence and vortex
reaction.

5 Results

5.1 Turbulence

All experiment plots of an operator have been drawn
in the frequency domain. The lowest and the high-
est values were used to form a corridor for the desired
pilot model. Thus, the pilot transfer function can be
regarded as an average of all measurements. In FIG.
9 such a plot can be seen. Correlation is very good
between pilot model and experiment, except for the
low freqency region of the lateral channel. That was
supposed to originate from the operator training level.
Therefore, generator span was chosen not to interfere
with this deviation. Time delay and lag time were the
only varied parameters for the model approximation.
In TAB. 5 these times are given. The signal-to-noise
ratios (observation 0.01, motor 0.003) and the indif-
ference threshold (zero for all error signals) were kept
constant.

5.2 Linear Actuator Dynamics

In total 38 experiments have been executed with linear
aircraft dynamics together by both operators. Most
of the experiments show initially good correlation with
the pilot model in bank channel as can be seen from
the example in FIG. 10(a). There the bank response
of the pilot model coincides with the experiment even
for one period. As time continues pilot behavior starts
to differ from model prediction. In pitch channel the
plots start to differ already after half an oscillation.
In general can be stated that correlation is better for
the lateral channel. Compliance has been observed be-
tween a half and up to one period independently of the
vortex amplitude. In contrast to this, the correlation in
longitudinal channel strongly depended on the vortex
intensity due to pilot indifference thresholds. There,
correlation is less for small input amplitudes.

In FIG. 10(b) the time plot of the pilot-vehicle system
is shown. The compliance time of the pilot-vehicle sys-
tem to the vortex signal varied in the range between 1.5
and 3 s. During this time the pilot behaviour changed
only moderately. Further could be observed that the
first amplitude was always the most serious one. In
nearly all experiments the pilot-vehicle system with a
real operator in the loop reacted with a lower roll angle
amplitude.
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5.3 Nonlinear Actuator Dynamics

With nonlinear actuator dynamics a similar behav-
ior has been observed. Again around 40 experiments
have been executed, where the first half oscillation has
been very well approximated in lateral and longitu-
dinal motion. Already after half a period pilot be-
haviour changed, visible by lower second amplitudes in
both motion channels (FIG. 11(a)). Despite the fact
that also experiments exist with a whole period closely
approximated, it can be stated that reaction time de-
creases in general for nonlinear case.

Reason for shorter compliance time were the rate and
position limits. They led immediately to a more in-
ert aircraft. Actuator rates and positions as well as
stick postion reached saturation during wake vortex
encounter and did not allow to change the direction
instantaneously.

Pilot remnant noise was not considered in mathemati-
cal simulation. Nevertheless, the model predicted pilot
behaviour sufficient for time processes of the turbu-
lence signal. Pilot-vehicle system reaction deteriorated
during wake vortex encounter experiments with non-
linear actuator dynamics (FIG. 11(b)). Especially in
bank channel has been observed that the first two am-
plitudes are the most intense and much higher than
with linear dynamics. The second amplitude is in gen-
eral lower with a real operator in the closed-loop sys-
tem. Consequently, the pilot model reaction can be
regarded more conservative.

For lower encounter angles a harmonic oscillation was
generated by the model, showing nonadapted model
behavior. Although no input was generated, the pilot
model continued to deflect the stick from saturation to
saturation. A real operator on the other hand damped
any oscillation by changing the stereotype. The pi-
lot achieved this by lowering stick deflection to regain
control surface effectiveness. In FIG. 12 the model gain
coefficient has been decreased by 30% as soon as the
model reaches stick limitations. Thus, the oscillatory
behaviour has been heavily damped.

Despite of the operators training level and the limited
number of experiments undertaken, the mathemati-
cal modelling showed good initial compliance with the
wake vortex experiments. Even if the operator delay
times varied in every experiments, the basic oscillation
character did not change and corresponded to model
prediction.

6 Conclusion

Severe wake vortices are a potential hazard to every
kind of aircraft. Therefore, prediction of their influence
on pilot-vehicle system reaction is essential for coping
with this problem.

Under the premise that manual control is carried out
in turbulent atmosphere prior to the wake vortex en-
counter a prediction method has been presented here.
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The Modified Optimal Control Model (MOCM) was
used to model pilot behaviour in pitch and roll chan-
nel with linear aircraft dynamics. Actuators have been
modelled with linear as well as nonlinear dynamics.
Experiments confirmed the assumption of not instan-
taneously changing pilot behaviour. Good correlation
was achieved for both linear and nonlinear actuator dy-
namics for at least one half oscillation. The reactions
in both simulation and experiments showed to be more
serious at the beginning of the encounter. As soon as
a real operator started to change his behavior, he re-
acted better than predicted by the model.

Although no real pilot took part in the experiments
the results are encouraging further research. Mod-
elling results for nonlinear dynamics showed tenden-
cies for pilot-induced oscillation. Experiments on the
other hand did not show such tendency. By changing
the model gain coefficient better compliance with the
experiments has been achieved. Therefore, further in-
vestigations are desired to examine this transient pilot
behavior.
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Figure 9: Bode plots of measured and modelled pilot behaviour
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Figure 10: Linear Aircraft dynamics (AU = 15°, Amplitude Factor 2)
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Figure 11: Nonlinear Aircraft dynamics (AW = 15°, Amplitude Factor 2)
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Figure 12: Nonlinear Aircraft dynamics with gain adjustment (A¥y - = 15°, Amplitude Factor 2)

Aircraft mass m 13.500 kg
Wing area S 34 m?
Overall length 1 19.03 m
Span b 10.04 m
Chord Ly 4.157 m
Max. elevator deflection  depmae | —10°,20°
Max. aileron deflection  dg4maz +17°
Table 1: Aircraft Parameters (Su-17)
Flight altitude H 50 m
True Airspeed \Y 80 m/s
Angle of Attack @ 5 °
Flight path angle ~ |-2,66 °
Table 2: Reference Flight Conditions
Encounter Angle 5° - 35°
Encounter Side -1 (left) 1 (right)
Factor of Maximum Rolling Moment 0.5 2
Table 3: Wake vortex encounter conditions
Channel ‘ Turbulence ‘ Vortex Encounter
Longitudinal, g 2° 1°
Lateral, o 10° 5°

Table 4: Standard deviation of turbulence

Longitudinal Motion

Lateral Motion

Time Delay [s] | Lag Time ]

Time Delay [s] | Lag Time [s]

Operator A 0.18 0.06
Operator B 0.2 0.05

Table 5: Pilot model parameters
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