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Abstract

Turbulent wind is known notoriously that can significantly deteriorate rotorcraft performance and handling
qualities for manoeuvring flight. However, research on this topic is rarely reported largely due to the lack of an
effective analytical tool. This paper develops a pilot model to explore the effect of turbulent wind on rotorcraft
handling qualities. The proposed pilot model consists of three components: a compensatory control model for
attitude stabilization, a preview control model for trajectory tracking, and a tau guidance model for trajectory
planning. Model accuracy assessment indicates that the new pilot model can plan and track a desired trajectory
conforming to pilot’s tau guidance strategy and predict credible handling qualities capturing the effect of the
vestibular system and a flight control system. Handling qualities analysis for a slalom task in turbulent wind
shows that the new pilot model predicts the effect of mean wind on rotorcraft manoeuvring aggressiveness
and yaw control performance by changing required ground speed and the airflow through the tail rotor.
Atmospheric turbulence significantly deteriorates the task with increased turbulence intensities. Flight control
system can significantly improve the tracking performance and HQs in turbulent wind but saturation due to

limited authority in aggressive operation reduces the effect of the flight control system.

1. INTRODUCTION

Rotorcraft nap-of-the-earth manoeuvres
encountering turbulent wind are considered
demanding tasks. Under these kinds of

circumstances, a pilot could be distracted from
manoeuvring operations to disturbance rejection,
resulting in deteriorated performance and Handing
Qualities (HQs)M. The effect of turbulent wind on
HQs still presents a severe problem for rotorcraft
applications although a variety of turbulence models
have been developed from physics- or data-based
modelling methods!?®l. Developing a pilot model is
urgently necessary not only for the prediction and
explanation of adverse rotorcraft responses in
turbulent wind but also to reduce time and cost
through design and development to certification,
training and operations of a prototype rotorcraftll.

Pilot modelling techniquesl’4 have been widely
developed for flight simulation and HQs
investigation. Hessl'215171 proposed the structural
pilot model for rotorcraft manoeuvring simulations,
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handling qualites and adverse man-machine
coupling prediction, as well as flight simulator fidelity
assessment as early as the 1980s. The model has a
compensatory structure with elements to simulate
proprioceptive, vestibular, and visual systems of a
human pilot, and the parameters are tuned by
matching the crossover frequency. The pilot model
functioned as a controller to track a predefined
trajectory to complete the simulation of selected
Mission Task Elements (MTE), such as slalom,
lateral reposition, acceleration/deceleration et al.l'5
18] A metric for HQs evaluation, referred as the
Handling Qualities Sensitivity Function (HQSF)X18],
was calculated from the simulated proprioceptive
feedback signals, and thus the task-dependent HQs
could be evaluated for the specific MTEs[2. Other
pilot models were also developed for rotorcraft
manoeuvring simulations, such as using the
precision model*°] and optimal control model2" for a
recovery task in ship airwake. The preceding models
share a common feature — both need a predefined
flight path, which usually takes the form of a high-
order polynomiall2ll. A question naturally arises that
whether the flight path conforms to a pilot’s control
strategy. This is a difficult but very important question
in that the predefined flight path may affect the
handling qualities. For example, in a side-step
manoeuvre the shape of the acceleration profile
indicated the attitude quicknessl??. Recent research
[23-271 in the biologically inspired optic flow theory may
give a satisfactory answer.

Inspired by humans and animals perceiving the
instantaneous time from the available optic flow to
approach a target, tau theory defined a time-to-
contact variable, called the tau (), to describe the
relationship between the close gap and close ratel?®
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241 The variation of the tau could be used to guide a
motion through a so-called tau-coupling’?3. The z-
guide control strategies have been demonstrated
from a series of rotorcraft manoeuvres in piloted
simulations, such as quick stop, level turn, and hill
climb to avoid a hazard?>26, Lu et all327]
successfully used t as a mechanism and control
variable to model a pilot’'s guidance and avoidance
strategy to deal with the impeding hazards. All above
results demonstrate the tau theory as a potential
strategy for trajectory planning, and therefore, the
last problem is how to accurately track a predefined
trajectory. It has been long known that pilot
previewed the desired future path to generate
present control inputs for rotorcraft operations
involving low-altitude manoeuvring flight, which is the
so-called preview control strategy?. Recent
research further confirmed that humans used a
previewed target trajectory to improve tracking
performance primarily due to the far-viewpoint
response. It allows humans to cancel their own and
the controlled element's lags without additional
activity.

A pilot normally performs both stabilization and
guidance functions simultaneously when low-altitude
manoeuvring flight?’l. The current pilot models
focused on either the stabilization function or the
guidance function, but none organically combined
both of the two functions. The proposed research in
this paper extends to develop a pilot model to
investigate the effect of turbulent wind on rotorcraft
manoeuvring HQs. Section 2 will give a brief
introduction to the simulation model including a
turbulent wind model and a flight dynamics model.
Section 3 describes the pilot model sequentially with
the control strategy, preview control model and tau
guidance model. Section 4 illustrates the
experimental setup for the MTE, turbulent wind
conditions, and the development of a flight control
system. Section 5 gives the methodology for HQs
analysis and assesses the accuracy of the proposed
pilot model for manoeuvring flight simulation. In
section 6 the effect of turbulent wind on rotorcraft
HQs is systematically investigated from the effect of
mean wind and atmospheric turbulence to the effect
of a flight control system. The results of the
simulations are discussed and concluded in Sections
7 and 8, respectively.

2. SIMULATION MODEL

Figure 1 shows the simulation frame for rotorcraft
manoeuvring flight in turbulent wind. The simulation
model wused in this paper consists of two
components: a low-altitude turbulent wind model and
a rotorcraft flight dynamics model and the details
have been given in Refs. [1, 3-5]. The incorporated
turbulent wind and flight dynamics model has been
validated against the flight test data in bluff-body
turbulence and freestream turbulence. More details

about the validation and applications of the
simulation model could be found in Refs. [3-5]. Here

Turbulent wind
model

1
1
Simulation model |
1
1
! Iw
1
1
1
1

Flight dynamics
model

Pilot model

Fig. 1 Simulation frame for manoeuvring flight in
turbulent wind

The instantaneous velocity of turbulent wind was
formulated with a mean wind velocity and a
turbulence velocity. The mean wind velocity was
assumed invariable with time and space. The
magnitude of the mean wind velocity was formulated
by the wind profile power law(?8] and the exponent is
an empirically derived coefficient varying dependent
upon the underlying terrain roughness?. The mean
wind velocity components were calculated by
transforming the mean wind magnitude into the
North-East-Down (NED) axes with the wind direction
angle. The turbulence velocity was assumed
randomly varying spatially on the basis of the ‘frozen
field hypothesis’®. The distributed turbulence model
351 was employed to provide a three-dimensional
turbulence field covering each aerodynamic surface
of the object rotorcraft. The turbulence components
for each aerodynamic surface were calculated with
the nearest interpolation to the turbulence field and
were summed with the mean wind velocity
components for incorporation with the flight
dynamics model.

The mathematical model from Ji et al.['® describes a
generic UH-60A helicopter. The effect of
atmospheric turbulence on aircraft aerodynamics is
considered by superimposing the turbulence
disturbances directly to the local inflow velocities of
the main rotor blade segments, fuselage, horizontal
stabilator, vertical fin, and tail rotor. The incorporated
distributed turbulence model and rotorcraft flight
dynamics model can be expressed as,

M x=f(xuw,t)

where x is the state vector of motion,

wv,w,p,q,1,9,0,%, 31' Bz' B3' Bar B B2, B, !
X = 34-! Zli 62! 63' 64! 61' 62! 63' 64-' edyn' edynl Vi V1er

V1s» Vitrs» Vx» Uy
where u,v,w,p,q,r are the linear velocity
components and angular rates of the fuselage.
®,0, ¥ are the Euler angles. 4, B2, 85 .84, B1» B, Bs,
B4 are the flapping angular rates and angles of the
four rigid blades. ¢4,¢5,¢3,¢4,61,62,63,64 are the
lagging angular rates and angles. den,édyn are the
blade tip dynamic torsion angle and angular rate.
vj,V1¢,V1s @re the main rotor induced velocities. v, is
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the tail rotor induced velocity. v, and v, are the

delayed fuselage downwash and sidewash
components, respectively. u is four rotorcraft
controls,

u= (6colﬂ 8lat' 6lon' 6ped)T
where §, is collective input, 6, is lateral cyclic stick
input, &), is longitudinal cyclic stick input, and 8peq
is pedal input. w is the turbulence disturbances,
—— (Ui,]" Vi,j' VVi,]'r Ufsr st' Wfsr Uhs' Vhs' WhS’ th, Vvt')T
W, Uge, Ver, Wer
where Uj;, Vi, W;; are the instantaneous wind
components at the jth segment, ith blade of the main
rotor, Ug, Vi, W, are the instantaneous wind
components at the fuselage, Uy, Vi, Whs are the
instantaneous wind components at the horizontal
stabilator, U, Vi, Wy: are the instantaneous wind
components at the vertical fin, and Uy, V., W, are the
instantaneous wind components at the tail rotor. t
represents the time in seconds.

3. PILOT MODEL
3.1. Scheme of Proposed Pilot Model

The pilot control activities could be divided into three
functions: stabilization, guidance, and navigation(27],
Only the latter two functions were activated by a pilot
for rotorcraft manoeuvring tasks such as the MTEs

defined in the rotorcraft HQs performance
specification ADS-33[Bl. Figure 3 shows the
proposed pilot control strategy. Hess’s

compensatory pilot model®1¢ is employed for
attitude stabilization. On this basis, a preview control
model is developed for trajectory stabilization and
tracking. Here, preview control*® indicates that the
pilot can preview the desired future flight trajectory
and both the current and future values of the desired
trajectory are used to improve tracking performance.
The desired trajectory is provided by a tau guidance
model to conform to the guidance strategy that a
normal pilot would try to achieve.
Turbulent wind
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Fig. 2 Control strategy for rotorcraft manoeuvre
in turbulent wind

3.2. Structural Pilot Model

The structural pilot model by Hess is chosen for
attitude control in that the model created is not only

able to describe compensatory pilot behaviour, but
can account for visual, proprioceptive, and vestibular
cues in an approximate fashionl1215-18] As a starting
point, the structure of the pilot model for roll attitude
control is illustrated in Fig. 3. The visual loop is
closed because the pilot rely mostly on the visual
cues to track the desired attitude C, which refers to
the desired roll angle @, for this case. This loop
deals with the tracking attitude error e4, between the
desired roll angle @, and the feedback roll angle ®
through the gain variable K4. The control signal is
transferred to the desired derivative C after the time-
delay element e ™ accounting for the pilot's
cognitive responsiveness. The following visual
model*® is injected between the attitude error eq, and
the gain variable Ky to reflect the quality of visual
information sensed by the pilot,

1

eo = ea (1 T 05s + 1)
where e and e’ are the true and observed values of
the visual error signal, as well as 7 is the band-limited
white noise with a unit intensity, which is saturated
with limits of 20
In addition to the visual loop, the pilot usually
combines the proprioceptive and vestibular loops to
enhance stability and tracking performance. The
weighted combination of the proprioceptive and
vestibular signals are adopted as the feedback roll
rate p with the weighting coefficients 1, and 4,. The
roll rate error e, between the desired roll rate ¢ and
the feedback roll rate p is multiplied by the gain
variable K,, to produce the control signal §. The
proprioceptive signal U,, is produced from the pilot’s
internal model p/85 while the vestibular signal is
sensed directly from the vehicle motion cues.
Additional vestibular signal p. for coordination with
the other channels may also be included to estimate
the feedback roll rate with the weighted coefficient
As.
The control signal ¢ is applied by the neuromuscular
system G,, of the pilot to the cockpit force/feel
system G to produce the lateral stick input &;,.. The
neuromuscular system G, is modelled as a second-
order transfer function by neglecting very high-
frequency input informationl6],

Wim

) G = 7 DG + 02

where w,, and {,, are the natural frequency and
damping ratio.

The successful implementation of the structural pilot
model depends upon a sensible selection of the pilot
parameters in Fig. 3. Moreover, the pilot model,
constructed with those parameters, needs to satisfy
at least two requirements. First, the final pilot model
should be able to perform the required tracking task.
Second, the pilot model should match the real
behaviour of a pilot as closely as possible. To meet
these requirements, the gain K,, is chosen such that
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all of the dampling ratios of the closed-loop
proprioceptive system are larger than 0.15, and the
gain Ky, is selected so that the open-loop crossover
frequency of the visual system is equal to 2 rad/s,
which is a representative value of high-gain pilot
control activity derived from flight-test datal?d. The
variance of the visual noise ¢ is chosen as 0.1 to
achieve a level-1 useable cue environment, and the
cognitive delay 7 takes a typical value of 0.2 s. The
proprioceptive system transfer function is designed
by a lowest-order approximation to the vehicle rate
dynamics near the region of crossover frequency.
The weighted coefficients A, and A, take a 0.75/0.25
splith7-18 to reflect the degree of the importance
between the proprioceptive and vestibular channels
when the motion cues are available, and take a 1/0
split when the motion cues are off. The additional

c Visual

model

vestibular signal takes the same weight as the on-
axis vestibular signal. The neuromuscular damping
ratio {,,, and natural frequency w,,, are selected as
typical values of 0.707 and 10 rad/si*d and the
cockpit force/feel system dynamics is selected as,
625
(DY = 235355 1 625
The longitudinal, heave, and yaw channels can be

designed by following the same procedure. The pitch
angle © and pitch rate q are taken as the visual and
vestibular feedback signals for pitch attitude control.
The sideslip angle g and heading rate r are used in
the yaw axis and the vertical speed v, and
acceleration a, in the vertical axis. The desired
visual signals and the additive vestibular signals will
be given by the preview control model.

Rotorcraft

(¥e)

Proprioceptive loop

Vestibular loop

Visual loop

Fig. 3 Structural pilot model for roll attitude control

3.3. Preview Control Model

The preview control model combines trajectory
tracking and turn coordination techniques. The
trajectory tracking law uses both current and future
values of the desired trajectory as well as the current
vehicle position and velocity to produce desired
visual signals (attitudes) for the inner-loop
compensatory pilot model. The turn coordination law
produces desired vestibular signals (angular rates
and vertical acceleration) according to equilibrium in
the forces.

3.3.1. Trajectory tracking law

The ground speed V, course angle y, and vertical
position z are taken as the reference signals for
trajectory tracking in longitudinal, lateral, and vertical
axes. The lateral axis is used to illustrate the
development.

Figure 4 shows the preview control model for lateral
trajectory tracking, where y. and y are the desired
and current course angles, e, is the lateral position
error, 7, is the pilot preview time, as well as K, Ky
and K, are the feedback gains. A feedforward
preview of the desired course angle is introduced to
compensate for the inherent delays in the
man/machine system3l. Furthermore, the lateral
position error is also fed back to improve the position

tracking precision. The longitudinal and lateral

position errors are calculated by,

€x cosy siny]/XxXc—x
®) (ey) - [—sin)( cosy (yc - y)
where e, and e, are the longitudinal and lateral
position errors, x and y are the position coordinates
of the controlled vehicle in the NED axes, as well as
x. and y, are the desired position coordinates in the
NED axes.

[mm e e e e e — e — e, ———————————— \

Feedforward preview

b e e e e m

Xc(t + Tp) _Xc(t) K
Xp
+
(@) N\ Ky () D (t)
O *
ey Ky

Fig. 4 Preview control model for lateral
trajectory tracking

The control law in Fig. 4 is defined for the lateral
trajectory tracking,

(6) Pc(t) = K [x (0 —x®O] + K [x (t +7) -

x. (O] +Kye,
where the preview gain Ky, is chosen as the same
as the compensatory gain K, to achieve a good level
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of tracking performance. As consequence, the
preview control law in Eg. (6) is simplified as,

(7) @ = Ky [x(t + 1) — (O] + Kye,

The pilot gain K, is designed to obtain the desired
crossover frequency w, for the course angle
tracking. According to the rules for multi-loop pilot
modelst®, w., = 1/3 we is a good rule of thumb.
The pilot gain K,, is designed to obtain the desired
crossover frequency w,,, for lateral position tracking.
The value of w,,, is chosen as 1/5 the value of w,.
Thus, the preview control model for the lateral
trajectory tracking has been formed.

Following the rule of the lateral case, the control law
employing the ground speed as the control signal for
longitudinal trajectory tracking is,

(8) 0, = Ky [Ve(t + 7,) = V()] + Kyrex

where K, and K, are the pilot gains for ground speed
and position tracking, V.(t +1,) is the previewed
ground speed at the time t + 7, as well as V(¢) is
the current vehicle ground speed at the time t.

The pilot control law for vertical trajectory tracking is,
vy, = Kz[zc(t + ‘rp) — z(t)]

where K, is the pilot gain, z.(t + 7,) is the previewed
vertical position at the time t + 7,,, as well as z(t) is
the current vertical position at the time t.

3.3.2. Turn coordination law

To enter a turn from straight-and-level flight, a human
pilot will apply lateral control input in the same
direction the turn is to be madel*2. The pedals are
only used to compensate for torque to keep the
rotorcraft in trim around the vertical axis rather than
to assist the turn directly33l. Keeping the fuselage in
the correct streamlined position without sideslip
around the vertical axis facilitates the rotorcraft flying
forward with the least drag, that is

(10)B = 0

Lateral trim is indicated by a centred ball on a turn
and slip indicator to remove sideslipl32l. Recalling the
lateral force equation(34],

F,
(11)v = —ur + wp + gcosBsind + Ey

where g is the gravitational acceleration; F, is the
external lateral force excluding the gravitational force
in the body axes; m is the aircraft mass.

Lateral acceleration that will feed to the pilot as a
vestibular cue will become larger as the roll and
sideslip angles increase, as indicated in Eq. (11). The
pilot corresponds to adopting a compensatory control
for the coupled yaw to remove the lateral
acceleration, that is

(12) v~ 0

The vertical velocity w and roll rate p are much
smaller compared to the longitudinal velocity u .
Therefore, the wp term is negligible when solving the
desired yaw rate from Eq. (11), which is,

1 ) E,

13)r, = Z(gcos(%)smcb + E)
Furthermore, considering a steady level turn with the
turn rate ¥, the time rate of change of the roll and
pitch angles should be zero,
(14)d=6=0
Thus, the relationship between the fuselage angular
rates in the body axes and the time rate of change of
the attitude angles is simplified as,
(15) {q = ?cos@sin@

r = WYcosOcosd
From Eg. (15), the desired pitch rate has the
following relationship with the desired yaw rate,
(16)q. = r.tan®
Since the pilot will always remove sideslip in forward
flight, the external force F, is negligible when solving
the desired pitch rate. Therefore, the desired pitch

rate for the longitudinal vestibular system is,
_ gcosOsindtand

17)q. =
Finally, the main rotor force vector will tilt along with
the bank of the rotorcraft during a level turn, and as
a consequence, compensation is required for height
hold. Recalling the vertical force equation!34],

E
(18) w = uq — vp + gcos®cosP + Ez

where F, is the vertical force excluding the
gravitational component in the body axes.
Neglecting the small term vp and substituting the
desired pitch rate q., the vertical acceleration is
obtained for the vertical vestibular system,

F, gcos® F,
(19) a, = uq. + gcosBcosd + o —

) cosb m
It can be found that pilots use a combined

tracking/compensatory control strategy to achieve a
steady coordinated turn in forward flight. The primary
control is centred on the lateral axis and the
compensation control activities in the other three
axes are required to reduce unwished rotorcraft
responses suffering from inter-axis coupling and
atmospheric disturbances.

3.4. Tau Guidance Model

Tau theory is based upon the fundamental parameter
7., Which is the time-to-contact variable in the optical
field[23!,

X
(20) 7, = ;

where x is the perceived (negative) motion gap to be
closed, and x is the instantaneous gap closure rate.
The tau of a gap is essentially the time it will take until
the gap is reduced to zero at the current rate. The
gap can be either a spatial gap (such as distance,
angle) or a forced gap. In this paper, spatial gaps are
under investigation. Leel?*! hypothesized that the tau
of a motion gap is coupled to an intrinsic tau guide
Tg,

2Dty =k1y
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where x is the externally perceived spatial variable,
k is the coupling constant, 7, is the intrinsic tau
guide, and both 7, and z, vary with time.
The intrinsic tau guide 7, defines a motion that is
guiding a moving target with its tau. It can take a
number of different forms, but the most interesting
and relevant is the constant acceleration guide. This
can be used to guide the motion of an object that is
approaching or receding from a target and that starts
at rest or starts with some initial velocity?4. The
constant acceleration tau guide is given as,

t(T +1t)
(22) % =%
where T is the total motion duration and t is the
current time during the motion.
When coupled onto such a guide, the motion starting
at rest to approach a target can be derived from the
relationship in Eq. (21) [27],

oL
¥=—-(1-1)x

2 1
(23) 4% = EA—E)F

S 2 2 72 72 1—2
= 2fi- (1) e

where ¥ and £ are the normalized spatial gap and
time by the initial gap x, and the total motion duration
T, respectively; ¥' and %" are the first- and second-
derivatives of the normalized gap ¥ to the normalized
time ¢.

Inspection of the constant acceleration 7, guide
equations in (23) reveals that the coupling constant
k will provide differing responses when approaching
a target®l, as showing in Fig. 5. A value of k < 0.5
results in an acceleration-deceleration motion with
zero residual speed. Furthermore, there are two
maximum accelerations during the approaching
motion: one is at the beginning to initiate the
manoeuvre and the other is at a later time to stop it.
The first maximum acceleration decreases with the
increased coupling constant k. However, the second
maximum acceleration decreases with the increment
of k when k < 0.4, while increases when k > 0.4,
and achieves a minimum peak value when k = 0.4.
Since the maximum acceleration decides the
aggressiveness of a motion(22, a value of 0.4 is
selected as the best for HQs, which was
demonstrated by a series of pilot-in-the-loop
simulation experiments[?6].

The ADS-33 slalom MTER! is taken as an example
to present the trajectory planning procedure using
the tau guide. The manoeuvre is started with a
constant velocity along a centreline, followed by a
series of smooth turns to the left and right in
sequence, and completed by regaining the
centreline, as shown in Fig. 6. Experiments
demonstrated that pilots picked up visual information
from look-ahead points and used the tau guidance
strategy adapting to changing cues and task
demands for manoeuvring flight!?>3¢l, For the slalom

task, when a turn is performed the pilot will move the
reference point to the next turn to get a new motion
gap. Therefore, taking the turns as the reference
points, every piece of the flight path between
adjacent turns can be planned following the tau
guidance strategy. Supposing the number of the
turns to each side of the centreline is ny.,, the flight
path can be cut into 2n.., +1 segments. The
coordinates of the ith reference point are expressed
as (x;,y;) and those at the starting and ending
locations are expressed as (x5 y,) and
(%2mpp+1, Yangm+1) » Subjective to the following
relationship,

(24) xi41 = x; + Axg

(25) lyil = ys

where Ax, is the spatial interval between the
adjacent turns, and y, represents the lateral distance
from the centreline.

0 . ; . =
///,.;',I‘/'/
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T

T

10 . . . .
0 . : .

Fig. 5 Gap distance, closure rate and
acceleration of constant acceleration guide

Supposing the desired ground speed is V., the
duration to pass through the first and last segments

is,
VY2 + Ax?
Ve
The duration across the other segments is,
V(2ys)? + Ax§
Ve
Supposing the initial time is t,, the time when the
vehicle just passing through the ith reference point is

(26) At, =

(27) At, =
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to + Aty, i=1
(28) t; =4t + (i — DALy, i =2, 2Ny
tzntrn + Atl: i = Znt‘rn +1

As consequence, the dimensionless time £ during

the ith segment is,

(29) = {(t —t)/Aty, t<tyort>ty,
(t—t)/Aty, t <t <ty,,,

According to Eqg. (23), the dimensionless lateral

velocity 7, is,

- 2 Y
(30) ¥y, = Et(l — )k

Correspondingly, the desired lateral velocity v, for

the slalom MTE s,
Vs/Aty, t<tjort >ty .

—¥s/Aty, ty; <t <ty
yS/AtZ ’
where j = 1,2, , nypy.
Provided with the constant ground speed V., the
desired longitudinal velocity v, is,

(32) vy =

(31) Vyec = ﬁyc :
tajr1 <t <lz(+1)

ch - v)%c

Therefore, the desired course angle y. is,
v

(33) xc = arctanv—yC

xc
The slalom MTE requires a constant height, and so

the vertical velocity is always zero. Thus, the desired
trajectory can be produced by integrating the desired
velocities over time.
| 2
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Fig. 6 Selected reference points for slalom
trajectory tracking

4. EXPERIMENT SETUP

4.1. Mission Task Element

The slalom MTE [ js selected for handling qualities
analysis. It is intended to check the lateral-directional
coordination during an aggressive manoeuvre in
forward flight with respect to cones on the ground.
The task consists of a series of smooth turns at 500-
ft (about 150 m) intervals below the reference altitude
of 100 ft (about 30 m) as shown in Fig. 7. The turns
shall be at least twice to each side of the course and
at least 50 ft (about 15 m) from the centreline, with
the maximum lateral error of 50 ft (about 15 m). The

desired performance requires an airspeed of at least
60 knots (about 30 m/s) throughout the course and
the adequate performance is at least 40 knots (about
20 m/s).

The UH-60A helicopter is employed for all simulated
cases as shown in Table 1. Following the ADS-33E’s
requirements, the desired lateral distance from the
centreline is set as 18 m, the flight altitude is 30 m,
the flight speed varies among 30, and 22, and 38
m/s, and the number of turns to each side varies
among 8, 6, and 10 with the flight speed to achieve
100-second simulations for all cases.

5001t 500t 5001t

T [ ] l L] L]
50t
i i |

e
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s0ft =
1

.%E-‘-ﬁ

Fig. 7 Suggested course for slalom MTER!
Table 1 Flight path setup

Case no. ys(m) h(m) V(m/s) nyy,
1-3, 6-7, 10-
11,13, 15 18 30 30 8
4,8-9,12, 14 18 30 22 6
5 18 30 38 10

4.2. Turbulent Wind Conditions

Table 2 presents the turbulent wind conditions.
Cases 1-3 are simulated without turbulent wind to
validate the accuracy of the pilot model for
manoeuvring flight and the airspeed is 30 m/s to
meet the level-1 performance requirements. The
remainders are set with the mean wind speed of 8
m/s. Cases 4-7 are used to check the effect of mean
wind on rotorcraft handling qualities by varying the
wind directions among 0, 180, 90, and 270 degrees
regardless of turbulence. However, the airspeed
remains the same as 30 m/s by changing the ground
speed, as shown in Table 2. Cases 8-11 aim to
investigate the effect of atmospheric turbulence by
varying the vertical turbulence intensity between 0.7
and 1.2 m/s with the wind direction of 0 deg for the
first two cases and 180 deg for the latter two cases.
The airspeed for Cases 8-9 is 30 m/s and for Cases
10-11 is 22 m/s. Cases 12-15 are targeted to
investigate the effect of flight control system, and the
turbulent wind conditions for Cases 12 and 14 are
repeated from Case 9, while those for Cases 13 and
15 remain the same as Case 11.

4.3. Development of Flight Control System

A simple Flight Control System (FCS) is developed
from the stability augmentation system of the UH-
60A helicopter®™ for the simulation of Cases 3 and
12-15. The authority of the FCS is originally limited to
10% for all three angular rate feedback channels,
and the transfer functions are
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6‘535
(34) ‘p (s)
_ 206.754(s + 1.5704) 4 0.278
T s3 +S§S3.165252 + 534.1544s + 520.9001 s

)
(35) %(s)
307.462(s + 1.1254) 7s

~ 53 +24.2029s2 + 298.2384s + 160.9515 75 + 1
Sped 434.5613 2s
(36)

ed

r (s) = s2 +34.3147s + 390.13322s + 1
where 655°/p, Sion/q, and 655/ are the flight
control system transfer functions for the roll, pitch,
and yaw channels in %/deg.

Table 3 shows the FCS setup. The FCS for Cases 3
and 12-13 is set with full authority, while that for
Cases 14-15 is set with the original 10% authority.
The vestibular system is activated for the proposed
pilot model in all cases except Case 1. The preview
time for the pilot trajectory tracking laws varied
among 1.7, 1.6, and 1.5 s according to the operating
conditions of the pilot vestibular system and FCS to
achieve the minimum tracking error for each case.

Table 2 Turbulent wind setup

Case no. Usy(m/s) ¢, (deg) o,(m/s) Va(m/s)
1-3 0 0 0 30
4 8 0 0 30
5 8 180 0 30
6 8 90 0 30
7 8 270 0 30
8 8 0 0.7 30
9,12,14 8 0 1.2 30
10 8 180 0.7 22
11,13,15 8 180 1.2 22

Table 3 Flight control system setup

Case no. FCS Vestibular 7p(S)
1 Off Off 1.7
2,4-11 Off On 1.6
3,12-13 On, 100% On 1.5
14-15 On, 10% On 1.5

5. MODEL ACCURACY ASSESSMENT

The accuracy of the proposed pilot model will be
assessed by a linear version of the flight dynamics
model and nonlinear simulation of the slalom MTE for
Cases 1-3 based on the following methodology for
HQs evaluation.

5.1. Methodology  for
Evaluation

Handling  Qualities

The tracking performance for each case is
guantitatively estimated by defining the standard
error g, between the simulated and desired lateral
distances at the turning points,

Ns 2Ngrn

1 2
(B7) ayy = mz Z (yij — s)

i=1 j=1

where ng is the number of simulations for each case;
y;,; is the distance from the centreline at the jth turn
of the ith simulation.

The HQs levels are predicted by the Handling
Qualities Sensitivity Function (HQSF)16l. Hess
postulates that a pilot’s perception of a vehicle’'s HQs
is dependent upon the power in the proprioceptive
feedback signal Uy, as shown in Fig. Al. In view that
Uy is dependent upon the transfer function Uy/C,
this function is normalized by the visual feedback
gain K4 to remove the effects of control sensitivity
and then the magnitude is referred as the HQSF,

(38) HQSF = é |UTM (ja))|

where C represents the visual tracking signal of the
compensatory pilot model.

The HQSF can be easily obtained for a linear flight
dynamics model [8]. It can be expanded to the HQs
evaluation for nonlinear simulation by three steps.
First, 100 simulations are conducted for each case to
remove randomness due to pilot’s visual error and
turbulence disturbance. Then, the Power Spectral
Densities (PSD) of the visual tracking and
proprioceptive feedback signals are calculated for
each simulation. Finally, the averages of the PSDs
are estimated to calculate the HQSF by Eg. (38).

5.2. Results

Figure 8 shows the HQ results by the linear flight
dynamics model. In Case 1 the HQs for the four
control channels are Level 2 (Lateral), Level 3
(Longitudinal ), Level 1 (Vertical), and Level 3 (Yaw),
resulting in a Level-3 HQs for the bare-frame vehicle
due to the poorest result in the longitudinal and yaw
axes. Compared to Case 1, with the vestibular cues
in Case 2, better results are achieved in all four axes,
and the HQs for the object rotorcraft is improved to
Level 2. This is because the pilot needs less time to
perceives vehicle rate responses from a combination
of the vestibular and visual cues than just the visual
cues, which helps to reduce the time delay and
improve the crossover frequency for the
man/machine systemB7l. As a result, the increased
system stability and control bandwidth improve the
HQ levels!®3l, Furthermore, a comparison between
Cases 2 and 3 reveals that the flight control system
significantly improves the HQs to Level 1 in all axes.
Figures 9 compare the simulated flight paths and
lateral distance standard errors among Cases 1-3.
The desired flight path is smoothly programmed and
well tracked by the proposed pilot model with the tau
guidance strategy. A slight improvement in the
tracking performance (by approximately 9%) is
revealed when the vestibular system is enabled. This
is to be expected due to the larger bandwidth(t3],
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Furthermore, the pilot model captures the effect of
the flight control system on the significant
improvement in the tracking performance (by
approximately 33%).

Figure 10 shows a slice of the visual tracking and
proprioceptive feedback signals by the proposed
pilot model. In Case 1 when the vestibular system is
broken, the proprioceptive signals are significantly

instability in the man/machine system. In
comparison, the proprioceptive signals in Case 2 are
much smoother without undesired oscillations,
demonstrating that the proposed pilot model
simulates the improved stability in the man/machine
system by enabling the vestibular system. Case 3
demonstrates that the pilot model captures the effect
of the flight control system on the improvement of

oscillating at a medium frequency, indicating stability to the man/machine system.
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Fig. 8 Handling qualities results by a linear flight dynamics model. (a) lateral; (b) longitudinal; (c)
vertical; (d) yaw
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Fig. 9 Comparison of (a) simulated flight path and (b) lateral distance standard error
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Fig. 10 Tracking and feedback signals for handling qualities evaluation

Figure 10 further reveals two features in the pilot
control strategy for the slalom MTE. One is that the
visual tracking and proprioceptive signals for the
lateral control are much larger than those for the
longitudinal, vertical, and yaw channels, as expected
that this is a lateral control dominant trajectory
tracking task and the pilot relies on the lateral motion
cue to accomplish this task[3. The other is that the
visual tracking signals are much smaller than the
proprioceptive signals in the longitudinal, vertical,
and yaw axes. The result indicates that the
proprioceptive systems are mainly used to
compensate the inter-axis responses suffering from
the lateral control rather than relying on the visual
signals from the outer loopsk! since the desired
ground speed, vertical position, and sideslip angle
remain constant during the manoeuvre. Therefore,
the lateral control is primarily responsible for the HQs
while the other axes are secondly important to
coordinate with the primary control.

Figure 11 compares the simulated lateral HQSFs
among Cases 1-3. The lateral HQs are Level 2 when
the vestibular feedback is broken and are improved
to Level 1 when the vestibular and flight control

systems are enabled. The results have a good
agreement with the analytical results in Fig. 8(a) and
the desired tracking performance in Fig. 9.
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Fig. 11 Comparison of simulated lateral HQSF

The above results demonstrate that the effect of the
manoeuvre and turbulent wind on HQs can be
investigated by comparing the lateral HQSFs when
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performing the Slalom MTE and the proposed pilot
model can predict credible HQSFs for the HQs
evaluation of specific MTE.

6. HANDLING QUALITIES ANALYSIS IN
TURBULENT WIND

In this Section, the Slalom MTE was simulated for
Cases 4-15 and the corresponding lateral HQSFs
were calculated to show the effect of turbulent wind
on the HQs. The results are given here.

6.1. Effect of Mean Wind

Figure 12 reveals the effect of mean wind on the
simulated flight path and lateral distance standard
error by Cases 4-7. Compared with Case 2 in a calm
atmosphere in Fig. 9, the east wind results in the
worst tracking performance, the south wind results in
the second worse performance, the west wind has
nearly no effect, and the north wind improves the

30 ‘ .
""""" Desired East wind = = = West wind‘

E o
>

B z*ua‘“g

230 L L I L L

0 500 1000 1500 2000 2500 3000
X (m)

(@)

manoeuvre. The north and south wind results match
well with the ground speed varying from 22 m/s to 38
m/s in that the trajectory is tracked less aggressively
by a smaller ground speed. The east wind is opposite
to the direction of the tail rotor thrust and makes the
helicopter tend to turn right resulting in a right shift on
the flight path, as shown in Fig. 12(a). The west wind
is along with the direction of tail rotor thrust and
makes it easier for the yaw control.

Figure 13 demonstrates the effect of mean wind on
the lateral HQSFs. The manoeuvers in mean wind
require more high-frequency operations leading to
worse HQSFs for all cases compared to Case 2 in a
calm atmosphere. Furthermore, the predicted
operation in south wind is much more aggressive
resulting in a worse HQSF than that in north wind,
and east wind makes it harder for yaw operation and
results in a bit worse lateral HQSF than that in west
wind.

Fig. 12 Effect of mean wind on (a) simulated flight path and (b) lateral distance standard error
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Fig. 13 Effect of mean wind on lateral HQSF
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6.2. Effect of Atmospheric Turbulence

Figure 14 shows the effect of atmospheric turbulence
on the flight path by Cases 8-11. It can be observed
that the turbulence disturbances increase the lateral
distance errors that were estimated for each case, as
presented in Fig. 12. The lateral distance standard
errors for north and south wind conditions increase

as well with the increased turbulence intensities.
2 T T T T

Tpy (m)

o =0.7m/s
w

o =12m/s o =0.7m/s
w w

o =1.2m/s
w

In north wind In south wind

Fig. 14 Effect of atmospheric turbulence on
lateral distance standard error

The corresponding lateral HQSFs are compared in
Fig. 15. It can be found that atmospheric turbulence
significantly increases the lateral HQSFs in the
medium-frequency with the increased turbulence
intensity compared with the same wind conditions
shown in Fig. 13(a) but without turbulence. Fig. 15(b)
shows the lateral HQs deteriorate with the increased
turbulence intensity. However, the HQs in south wind
with the ground speed of 30 m/s are better than those
in north wind with the ground speed of 22 m/s,
indicating that rotorcraft HQs are more sensitive to
the effect of turbulent wind at low speeds than at high
speeds.

6.3. Effect of Flight Control System

Figure 16 shows the effect of the flight control system
on the lateral distance standard error by Cases 12-
15. Compared with the same turbulent wind
conditions in Fig. 14, the inclusion of the flight control
system improves the tracking performance for the
north wind cases by 20% while the lateral standard
error is reduced from 1.1 m/s to 0.8 m/s. The result
at the south wind condition with a full-authority flight
control system is even better with the lateral standard
error reduced by more than 30% from 1.9 m/s to 1.3
m/s. However, the south wind case with inadequate
authority shows poor performance as the lateral
distance standard error is increased by 38% from 1.3
m/s to 1.8 m/s. This can be explained by the required
flight control outputs in Fig. 17, which are significantly

T
SRR

European Rotorcraft Forum

increased to be larger than the authority in about half
of the operations when the ground speed increases
from 22 to 30 m/s. The 10%-authority is inadequate
to complete the manoeuvre as aggressively as with
a ground speed up to 30 m/s, making the effect of the
flight control system heavily discount.

Figure 18 presents the corresponding lateral HQSFs
to reveal the effect of the flight control system on the
HQs. The flight control system significantly improves
the HQs from Level 3 to Level 1 for the north wind
cases and from Level 2 to Level 1 for the south wind
cases. Furthermore, compared between the full-
authority cases in south wind condition, it is evident
that the reduced authority deteriorates the HQs
although they are still in Level 1 region.
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Fig. 15 Effect of turbulence on lateral HQSF in
(a) north and (b) south wind conditions

7. DISCUSSION

Trajectory planning and tracking conforming to the
guidance strategy of a human pilot has become an
obstacle on the state-of-the-art pilot models for HQs
investigation. Recent progress in bio-inspired optic
theoryl?5271 and preview control behaviourl'! from
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piloted experiments provide a good opportunity to
solve these problems. It was shown that the
proposed pilot model could predict credible HQs
capturing the effect of the vestibular system and flight
control system. The nonlinear simulation results
suggested that the proposed pilot model could plan
and track a desired trajectory conforming to pilot’s
tau guidance strategy. Analysis of the visual tracking
and proprioceptive signals revealed that the pilot
control inputs from the tracking-control channel were
primarily responsible for the HQs of a manoeuvring
flight while the other channels employed a
compensatory control strategy to reject the inter-axis
coupling responses and atmospheric disturbances
and were secondly important for the HQs. This work
gives the first try to improve the structural pilot model
with a tau guidance law and a preview control
strategy for manoeuvring flight simulations, providing
a convenient desktop tool for rotorcraft HQs
investigation.
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Fig. 16 Effect of flight control system on lateral
distance standard error
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Fig. 18 Effect of fight control system on lateral
HQSF in (a) north and (b) south wind conditions

The effect of turbulent wind on rotorcraft HQs was
investigated via simulation of the slalom MTE. The
comparison between cases in mean wind conditions
showed that headwind could improve the tracking
performance and HQs by reducing the ground
speed, and tailwind, in contrast, significantly
deteriorated the task. Side wind opposite to the
direction of tail rotor thrust would lead to a lateral shift
from the desired path. The comparison between
cases in turbulent wind conditions showed that
atmospheric turbulence led to the deteriorated
tracking performance and HQs with the increased
turbulence intensities. The simulation results for the
augmented UH-60A helicopter revealed that the
stability augmentation system could significantly
improve the tracking performance and HQs in
turbulent wind. However, the saturation due to the
limited authority would deteriorate the effect of the
flight control system as the ground speed was up to
30 m/s. Danger could be warned if the ground speed
was further increased to complete the task more
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aggressively. The effect of turbulent wind on
rotorcraft HQs is a long-term care topic. The ultimate
aim is to establish turbulence stipulations for
rotorcraft applications, which are still absent in the
forthcoming version of rotorcraft HQs performance
specification ADS-33F-PRF[B31I,

One deficiency of this research is that the effect of
turbulent wind on the HQs is investigated by only the
lateral HQSF while the other channels, though are
secondly important, may also have a bit impact on
the HQs[®?. Another is that the results for cases with
flight control saturation may be distorted due to the
pilot model. Future work will continue to repair the
deficiencies and expand the research into more
MTEs required in ADS-33F-PRF.

8. CONCLUSIONS

This paper developed a pilot model for rotorcraft
manoeuvring simulation in turbulent wind and the
corresponding HQs investigation. The proposed pilot
model consists of inner-loop compensatory control
laws for attitude stabilization, outer-loop preview
control laws for trajectory tracking, and tau guidance
laws for trajectory planning. The pilot model was
integrated into an incorporated turbulent wind and
flight dynamics model and the slalom MTE was
simulated to investigate the effect of turbulent wind
on rotorcraft HQs. The following conclusions can be
drawn.

1) The proposed pilot model can plan and track a
desired trajectory conforming to the tau guidance
strategy and the corresponding HQs are credibly
predicted capturing the effect of the vestibular
system and flight control system.

2) The pilot control inputs from the tracking-control
channel are primarily responsible for the HQs of a
manoeuvring flight while the other channels
employ a compensatory control strategy to reject
the inter-axis coupling responses and
atmospheric disturbances and are secondly
important for the HQs.

3) Mean wind has an important effect on the HQs
and tracking performance. Head wind is
favourable in that it reduces the required ground
speed and thus the manoeuvre is performed less
aggressively. By contrast, tail wind is adverse due
to the increased ground speed. Side wind
opposite to the direction of tail rotor thrust makes
the yaw operation more difficult toward main rotor
rotational direction.

4) Atmospheric  turbulence  deteriorates the
performance and HQs with the increased
turbulence intensities. Flight control systems as
simple as a stability augmentation system can
significantly improve the tracking performance
and HQs in turbulent wind but the saturation due
to the limited authority in aggressive operation
conditions reduces the effect of the flight control
system.
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