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Abstract

The use of offshore wind farms in Europe to provide a sustainable alternative energy source is now consid-
ered normal. Particularly in the North Sea, a large number of wind farms exist with a significant distance from
the coast. This is becoming standard practice as larger areas are required to support operations. Efficient
transport and monitoring of these wind farms can only be conducted using helicopters. As wind turbines con-
tinue to grow in size, there is a need to continuously update operational requirements for these helicopters,
to ensure safe operations. This study assesses German regulations for flight corridors within offshore wind
farms. A semi-empirical wind turbine wake model is used to generate velocity data for the full flight simulator
AVES. The reference offshore wind turbine NREL 5 MW has been used and scaled to represent wind turbine
of different sizes. This paper reports results from a simulation study concerning vortex wake encounter dur-
ing offshore operations. The results have been obtained through piloted simulation for a transport case
through a wind farm. Both subjective and objective measures are used to assess the severity of vortex wake
encounters.
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2. INTRODUCTION

Europe’s efforts to development of a sustainable and
affordable energy production are leading to the rapid
expansion of offshore wind energy. Since 2014, the
average nominal power of newly installed offshore
wind turbines has grown at an annual rate of 16%,
resulting in an average nominal power of 6.8 MW in
2018 [1]. The world largest wind turbine is installed
in the United Kingdom, with a nominal power of 8.8
MW [1]. Currently however, wind turbines with a
nominal power above 12 MW are in developmentl.

Typical offshore wind farms consist of both a num-
ber of wind turbines (WT) and a manned offshore
substation (OSS). The latter is usually located at the
centre of the wind farm and is used for maintenance.
Rotorcraft are perfectly suited to operate within
these offshore wind farms, because they are not lim-
ited to the sea state and can operate faster than
ships. Typical maritime helicopter operations within
wind farms are the transportation of maintenance
engineers from mainland to the OSS or from the
OSS to one single WT. However, there remain a
number of issues regarding the operation of helicop-
ters within wind farms. Aspects which have to date
seen limited research activity include interaction with
turbulent WT wakes and the impact of offshore
weather conditions (degraded visual environment,
precipitation). An overview of recent research activi-
ties in Europe are described in a report compiled by
members of the GARTEUR Helicopter Action Group
23 (HC-AG23) [2].

Currently, German regulations for safety clearances
for operations in offshore wind farms are based up-
on estimates, defined by the geometry of WTs and
empirical experience. The rotor radius of the WT is
used as a scaling factor in calculations. However,
the influence of wind speed, its direction and the WT
wake is neglected. Interaction with blade tip vortex
from the WTs is a particular concern, continuing pri-
or research regarding rotorcraft encountering fixed-
wing aircraft vortex wakes [3].

To assess the suitability of current operations within
offshore wind farms, the German Aerospace Center
(DLR) is leading the project HeliOW (Helicopter Off-
shore Wind). This project is funded by Federal Min-
istry for Economic Affairs and Energy (BMWi) and is
a collaborative research project between DLR,
Technical University Munich, University of Stuttgart
and University of Tubingen. The aim of the project is
to investigate potential safety hazards which may
result from operating in offshore wind farms and to
define methods and practices for future operations.

! https://www.ge.com/renewableenergy/wind-energy
/offshore-wind/haliade-x-offshore-turbine
[Accessed 21 May 2019].

Within the project, DLR is responsible for activities
concerning pilot-in-the-loop simulations during flights
in offshore wind farms. To investigate this, studies
are being conducted within the DLR’s ground based
Air Vehicle Simulator (AVES). In this paper, the re-
sults from a study conducted in AVES to determine
the severity of wake interactions within an offshore
wind farm are presented. The visual environment
consists of a typical wind farm, but only the wake of
one single WT is modelled. As indicated in Figure 1,
the helicopter crosses the upper boundary of the WT
wake and the severity of the wake encounter is rated
by the pilots. Results of this study will be used to as-
sess necessary safety clearance of flight corridors
during forward flight. The requirements have been
investigated both for WTs representing those cur-
rently in operation and WTs projected to be used in
the future (larger, more powerful).
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Figure 1: Expermental setup of the piloted simulation

One approach taken in this research effort is to
compare wake encounters with control system fail-
ures. Rotorcraft Handling Qualities (HQ) guidelines,
Aeronautical Design Standard 33 (ADS-33E-PRF,
[4]) contain requirements for the response of the air-
craft following failures. The response is equivalent to
the experience following a vortex wake encounter,
where a quick change in the vehicle state occurs.
Typically the aircraft pitch, roll, and yaw attitude will
be influenced by the presence of a local wind field.
The sudden occurrence can be related to motion
transients resulting from control system failures. This
comparison has already previously been drawn in

(3].

Table 1 shows the current classifications used to de-
termine the predicted HQ level for rotorcraft follow-
ing failures, both for hover & low speed and forward
flight. Level 3 HQs would indicate deficiencies that
require improvement (i.e. unacceptable characteris-
tics). Level 2 HQs indicate deficiencies that warrant
improvement, which may be acceptable under cer-
tain conditions. The guidelines include the instruc-
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tion “no recovery action for 3, 5, and 10 seconds.”
This is to reproduce the situation where the pilot
does not recognise the failure or where his response
is delayed due to divided attention. As an example,
for Level 1 HQs following a failure, the vehicle atti-
tude must change by less than 3° without pilot inter-
vention for 3 seconds. These requirements are
compared with the cases obtained in this investiga-
tion following vortex wake encounters from WTs.

Table 1: Requirements for helicopter motion
transients following control system failures (ADS-
33E-PRF [4])

Flight condition
Level Hover & low Forward flight
speed Near earth Up-and-away
3° roll, pitch, both hover &
yaw low speed stay within
1 0.05¢g and forward OFE
nx, ny, nz flight up-and- no recovery
no recovery away reqts action for 10 s
action for 3 s apply
10¢ roll, pitch, | both hover &
yaw low speed stay within
> 0.29 and forward OFE
nx, ny, nz flight up-and- no recovery
no recovery away reqts action for5 s
action for 3 s apply
24 roll, pitch, both hover &
yaw low speed stay within
3 0.4g and forward OFE
nx, ny, nz flight up-and- no recovery
no recovery away reqts action for 3 s
action for 3 s apply

The paper proceeds as follows. Firstly, the current
operations to offshore wind farms and regulations
are discussed. Following, the modelling of the off-
shore environment and wind farms for real-time sim-
ulation are discussed, including information regard-
ing scaling the WTs. Next, the piloted simulation
study is presented, followed by the results of it. A
discussion of these is presented along with conclu-
sions and recommendations for future work.

3. OFFSHORE OPERATIONS AND WIND
TURBINE

3.1. Wind Farm - Global Tech |

In this study, the offshore wind farm Global Tech |
(GTI) is used for real-time simulation. This wind farm
is located at the German North Sea coast and con-
sists of 80 WTs, each with a nominal power of 5
MW. This particular wind farm was chosen due to its
size and the location of the OSS, which is located in
the centre of the wind farm. This is to minimise work-
ing routes. Due to its position, it can only be reached
by flying through a flight corridor, exemplarily shown
in Figure 2. The size of this corridor is determined by

the Federal Maritime and Hydrographic Agency of
Germany (BSH) using current German regulations. It
is split into an inner and an outer flight corridor. This
wind farm is considered to be a good example of a
current operational facility and presents good condi-
tions to perform research campaigns.

The optimal sizing of the flight corridor for larger
WTs in the future is important. Flight corridors being
too wide would decrease the space utilisation of
wind farms and increase the cost of energy. Howev-
er, if the corridors become too narrow, it may be a
serious safety issue for helicopter operations and
may cause problems reaching the platforms to per-
form the required maintenance.

During this investigation, the width of the flight corri-
dor is taken as a constant parameter. Therefore, the
flight corridor remains constant for WTs of different
sizes, examining the potential need to increase the
flight corridor for WTs up to 20 MW (Table 2).

Figure 2: Inner and outer flight corridor of Global
Tech | (top view)

In general, the minimum flight altitude for Visual
Flight Rules (VFR) required by law outside of con-
gested areas is 500 ft (= 152 m) above ground or
water ( [5], SERA.5005 f). For helicopter offshore
operations at day time, the minimum flight altitude is
reduced to 300 ft (= 91 m), unless the distance be-
tween offshore locations is less than 10 NM and a
flight underneath the cloud height is possible ( [€],
SPA.HOFO.130). This flight altitude corresponds to
the hub height of the offshore WTs used in GTI.

From previous research efforts, it is known that heli-
copter vortex encounter is most critical during in-
plane vortex interactions [7]. Therefore, the flight
path in the piloted simulation is set to cross the up-
per boundary of one single WT wake within the wind
farm (Figure 1). In addition, the flight path is centred
within the flight corridor (Figure 2).

3.2. Scaling of Wind Turbines

The properties of the NREL 5 MW, an offshore WT
widely used in research as a numerical reference,
are taken here to represent the WT in the real-time
simulation [8]. Its nominal power is identical to the
WT used in the GTI. To assess the severity of future
WTs, rules of similarity are used to upscale the ref-
erence WT to a nominal power of 12.5 MW and
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20 MW [9]. The non-dimensional power and thrust
coefficients are identical for all WTs. Consequently,
the ratio of rotor blade tip speed U to wind speed V},,
remains constant.

The results of this scaling are shown in Table 2 and
the rules of similarity are summarized in Equation 1.
Due to the scaling, the nominal power of the WT in-
creases by the square of the rotor radius R. Fur-
thermore, the rotational speed 2 decreases inverse-
ly proportional to the rotor radius R, which causes a
widening of the stagger of the tip vortex helix.

R, ¢ (4

P
(1) =2=-1_ |2
R, o £ Py

Table 2: Rotor properties of the WTs

5 MW 125 MW 20 MW
R, m 63.0 99.6 126.0
f, 1/min 6.9-12.1 4.4-7.7 3.5-6.1
Vi amin, MIS 3.0 3.0 3.0
Vi amax, MIS 11.4 11.4 11.4
0, rad/s 0.72-1.27 0.46-0.80 0.36-0.63
U, m/s 455-79.8 455-79.8 45.5-79.8
N, 3 3 3
c(0.93R), m 2112 3.339 4.223
Iy, m3/s 88.5 139.9 177.0
R, M 0.1056 0.1669 0.2112

4. IMPLEMENTAION OF WT IN AVES

4.1. Modelling of the WT Wake

The wake of the WT is modelled as a tip vortex helix
as described in detail in [10]. Therefore, the shape
the tip vortex helix is prescribed and the expansion
of the WT wake is neglected.

At first, the operating condition with the greatest tip
vortex circulation I} is determined, which is the worst
case scenario. Based on lifting line theory, the tip
vortex circulation I can be estimated using Equa-
tion 2 [10]. The performance curves of [8] are used
to determine the wind speed V;, with the maximum
tip vortex circulation I;. It is found at a wind speed
of V, = 11.3 m/s, which is almost identical to the cut
out wind speed Vyy, gma, Of the WT (Table 2).

The initial vortex core radius R, is defined as 5% of
the reference chord of the blade at 93% radius
(Equation 3). Note that the radial position of the ref-
erence chord is chosen to take into account the ge-
ometry of tapered blade tips. The initial tip vortex
circulation I; and the initial vortex core radius R, for
all WTs are listed in Table 2.

m V32
(2) Iy = N_bﬁw CT,WE
(3) R, = 0.05¢(0.93R)

The operating condition of the WT with a wind speed
of I, = 11.3 m/s corresponds to a non-dimensional
thrust coefficient of Cryr = 0.837 in WT definition,
which is equivalent to a non-dimensional thrust coef-
ficient of C; = 0.0084 in helicopter definition. A con-
version between both non-dimensional thrust coeffi-
cients can be performed with Equation 4 ( [10]).

1 (Vi)
(4) CT = = (7W> CT,WE

Each revolution of the WT is discretized in 72 vortex
line elements, which are described by the core radi-
us model of Burnham-Hallock [11]. It describes the
induced velocity V; in dependence of the radial dis-
tance from the vortex core R, the vortex core radius
R, and the circulation strength I', Equation 5. Veloci-
ties are computed numerically, using the total induc-
tion of the line vortex elements of six revolutions of
all WT blade tip vortices.

r R?
~ 2nR R% + R?

(5) Vi

The natural diffusion of each vortex element is mod-
elled by an empirical time-dependent decay function
for the vortex core radius R, and the circulation
strength I' as mentioned in [10]. During the convec-
tion downstream, it causes a widening of the vortex
core R, and a decrease of the circulation strength I
with time. Both correspond to a decrease of the
peak induced velocities.

Figure 3 depicts the vertical velocity V, of the 5 MW
WT in the WT coordinate system (Figure 1), extract-
ed in a downstream cut at the upper height of the
wake tube (Figure 1), beginning at the WT, x;,+ = 0.
In addition, the envelope of peak vertical velocity
profile is indicated with black dashed lines and the
location of the vortex encounter xgy is shown. It can
be seen, that the initial decay of the peak value of
the vertical velocity V, is rapid and then slows down
at increasing distance. Note that due to the scaling
method the peak vertical velocity profile is identical
for the 12.5 MW and the 20 MW WT.
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Figure 3: Influence of vortex decay on vertical

velocity of the 5 MW WT with V,, = 11.3m/s

4.2. WT Wake Characteristics

The vortex core radius R. and circulation I' at the
vortex encounter depend on the state of decay and
on the WT itself. Figure 4 shows the vertical velocity
profile V, of a tip vortex from different WTs at the vor-
tex encounter xgy. Note that xgy is defined as the
position of the vortex core centre at the upper
boundary (Figure 1) for all WTs and its actual value
depends on the WT size. The peak velocities are
similar for all WTs, with the main difference being
the vortex core radius R.. However, for all cases, the
vortex core radius R, remains small compared to the
main rotor radius of the helicopter R,,.

Note, that the vertical velocity profile V, is plotted
with a high spatial resolution in Figure 4. However, a
spatial discretization of (Axyr = Ayywr = Ayyr =
0.3 m) is used for the piloted simulation and indicat-
ed with filled markers in Figure 4. It can be seen,
that spatial discretization is sufficient to cover the
vertical velocity profile V, at the vortex encounter

—50MW
H —125MW
20.0 MW

Figure 4: Comparision of the vertical velocity profile
V, for different WTs

The geometry of the tip vortex helix is defined by the
wind speed V,, and the WT radius R and its rotation-
al speed 0. Due to the different rotational speed 2 of
the WTs, the distance between two revolutions in-
creases from 18.7 m (5 MW WT) to 37 m (20 MW
WT) as shown in Figure 5.

D=126m

-1 D=252m

Ywr

Figure 5: Stagger of tip vortex helix of the 5 MW WT
(top) and the 20 MW WT (bottom)

The piloted flights were performed perpendicular to
the WT wake tube (Figure 1). Consequently, the
longitudinal axis of the helicopter is not perfectly
parallel to the vortex axis at the upper boundary.
The misalignment is estimated to be coarsely 8° for
all WTs (Figure 5.). In addition, the radius R of the
WT is finite and the tip vortex helix will behave simi-
lar to a straight line vortex only at the upper bounda-
ry. Both characteristics will cause slight deviations
from an idealized longitudinal vortex interaction with
simplified straight line vortices as used in [12].

Figure 6 shows a comparison of the three vortex-
induced velocity components (V,,Vy,V,) for virtual
flights with a flight speed of 60 kts behind the 20 MW
WT. For the ideal flight path (solid lines), the helicop-
ter rotor hub remains exactly at the height of the WT
wake tube and crosses the tip vortex core. In addi-
tion, a second case is shown with at height offset
AH = 1m above the ideal case (dashed lines) and
the tip vortex centre is slightly missed, but the flight
path is still experiencing the core radius of the vor-
tex. This is why V, has a peak when passing over
the vortex centre. For longitudinal vortex interac-
tions, the vertical velocity V, has a major influence
on the helicopter behaviour. It can be seen in
Figure 6, that even small deviation from the ideal
flight path cause of reduction of coarsely 25% of the
vertical velocity V,. Therefore, care must be taken for
the experimental setup to ensure the most critical
helicopter reactions.
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Figure 6: Vertical velocity V, encountered during a
virtual flight with 60 kts through a 20 MW WT wake
4.3. Implementation of the Helicopter/WT Inter-
action

The total wind speed Vy,, » within the piloted simula-
tion and the helicopter flight speed V,, are used to
calculate the angle of attack and the Mach number
at the aerodynamic elements of the helicopter mod-
el. Consequently, additional forces and moments are
applied on each aerodynamic element. As indicated
in Equation 6, the total wind speed Vy, r is divided
into the global wind speed V;,, and the local wind
speed Vy, ;. The global wind speed Vy, ; is a constant
parameter and has no spatial variations within the
simulation environment. In contrast, the local wind
speed Vy,, describes local effects such as a wind
deficit inside a WT wake. Therefore, it describes lo-
cal deviations from the global wind speed Vy, ;. For
the first approach, the local wind speed Vy,; varies
only spatially and is fixed in time. In this investiga-
tion, this is considered as a suitable approximation,
because the helicopter speed for most cases is larg-
er than the vortex convection speed, which is the
same as the wind speed in this study.

(6) Vwr(x,y,2) = Ve + Vi, (x,5,2)

The magnitude of the global wind speed is set to
Vw ¢ = 11.3 m/s to match the operating condition of
the examined WTs with the maximum peak induced
velocities and to obtain a worst case scenario. Pre-
computed velocity data of the WT wake model are
used to describe the local wind speed 1y, , of the re-
al-time simulation. During simulation they are used
in form of a 3-dimensional lookup table, taking the
position information from the helicopter model rela-
tive to the WT. Due to real-time constraints of the
piloted simulation, a structured grid with equidistant
spatial discretization is used to store the velocity da-
ta. The size of the WT wake domain is chosen as
large as needed to have negligible velocities at its
boundaries. In addition, an interpolation is performed
at the boundaries to ensure a smooth transition into
the WT wake domain.

A vehicle model of the ACT/FHS (Active Control
Technology/Flying Helicopter Simulator, [13]) was
selected for the investigation. The ACT/FHS is the
experimental research helicopter maintained and
operated by DLR. It is a highly modified version of
an EC135 series production helicopter. The vehicle
features a fly-by-light full authority flight control sys-
tem, an experimental computer system and an air
data nose boom. As a result, the characteristics of
the aircraft do not fully reflect those of the standard
EC135 helicopter. However, it is considered that the
helicopter reactions of the ACT/FHS are representa-
tive of the class of rotorcraft expected to perform off-
shore operations such as the standard EC135 heli-
copter. The properties of the ACT/FHS model are
shown in Table 3.

Table 3: Properties of the helicopter model used in
the piloted simulation

Parameter ACT/FHS
R, m 5.1

f, I/min 395
0, rad/s 41.4
U, m/s 211
N, 4
MTOM, kg 2630

DLR’s non-linear helicopter modelling program,
HeliWorX, was used to model the ACT/FHS. It is
based on the real-time simulation model SIMH [14]
and is used at the AVES centre [15]. Helicopter
models are created using a set of modular compo-
nents (fuselage, horizontal stabiliser, vertical stabi-
liser, main rotor, tail rotor, etc.). The main rotor is
modelled as fully articulated with an equivalent hinge
offset and spring restraint in order to represent the
fundamental flapping and lagging natural frequen-
cies. Each main rotor blade is is modelled as a rigid
blade and blade element theory is used to calculate
the aerodynamic forces and moments. Overall 10
blade sections are used to model each blade of the
main rotor and the widely used dynamic inflow mod-
el of Pitt & Peters ( [16]) is used for the piloted simu-
lation.

The spatial discretisation of the blade sections is fin-
er at the blade tip than at the blade root. In addition,
the temporal resolution of the main rotor is 1 ms,
which is equivalent to increments of 2.4° of the rotor
blade azimuth ;. Therefore, the main blade tip
moves a distance of 0.2 m per time step. Conse-
qguently, the smallest vortex core of the 5 MW WT is
resolved with coarsely 8 time steps by the blade tip,
which is considered as sufficient for the real time
simulation (Figure 4).

When flying within the WT wake, the local wind
speed 1y, , of the lookup table is interpolated on the
reference points of each aerodynamic elements of
the flight mechanic model. Therefore, the tip vortex
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helix of the WT wake has only a local effect as indi-
cated in Figure 7 at the retreating blade. Note that
due to time constraints the interaction between tail
rotor and local wind speed V;,,, has not been func-
tional for this study, but will be in future work.

Figure 7: Helicopter rotor in a curved WT wake [10]

The implementation of large aerodynamic elements
such as the fuselage with only one reference point
may lead to an overprediction of the additional forc-
es and moments, because a single reference point
is not representative for such large components.
However, it is suitable for a conservative estimate of
the helicopter reactions.

4.4. Validation of Interaction

The validation of interaction is split into two parts,
one focusing solely on the main rotor the helicopter
and one focusing on all aerodynamic elements.

At first, only the interaction between the ACT/FHS
main rotor and the local wind speed Vy, , is verified,
using a modelled straight line vortex. This is com-
pared to trim results of a BO105 main rotor at hover
for longitudinal vortex interaction from [12]. For the
validation of the main rotor response, the interaction
with all other aerodynamic components is deactivat-
ed. Furthermore, the global wind speed V., is
turned off to asses only the influence of the straight
line vortex of the local wind speed Vy, ;.

The same approach as in [12] is used. Therefore,
the tip vortex helix is replaced by a straight line vor-
tex, neglecting the curvature at the upper boundary
of the helix (Figure 7). For the comparison, the vor-
tex core model of Lamb-Oseen is used (Equations 7
to 8). The vortex properties and results of the non-
linear helicopter model HOST are provided by [12].
They correspond to a WT with a nominal power of 7
MW in a distance of 100 m (Table 4).

™ =l et
2nR
r
) Ve = 2nR,

Table 4: Properties of the straight line vortex from
with its corresponding WT [12]

WT Xy, M V., m/s R, m

7 MW 100 11.6 0.568

For the validation, the helicopter is trimmed in hover
condition with and without the straight line vortex.
The former represents the baseline case and the lat-
ter is used to assess the influence of the straight line
vortex. Its position relative to the rotor hub centre y,
is varied and is non-dimensionalised by the main ro-
tor radius Ry (Figure 7). This setup is also referred
to as longitudinal vortex interaction.

Figure 8 shows the change of the control angles
(A8,, A6, AB;) compared to the baseline case for dif-
ferent vortex positions. The results of HeliworX (sol-
id line) are compared against the results of [12]
(dash-dot line). As indicated by the vertical dashed
lines, the vortex position y, is varied from far left to
far right outside of main rotor. It is found that the
both simulations show the same trend, even though
different helicopter rotors are used. The ACT/FHS
has a bearingless rotor and the BO105 has a hinge-
less rotor. Both rotors have in common, that flapping
occurs due to the flexibility of the blade root and not
by a mechanical flapping hinge. Nevertheless, the
induced velocities of the vortex are nearly identical
along the blade due to a similar main rotor radius.
Therefore, a similar change of the control angles is
sufficient to retrim the helicopter.
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Figure 8: Comparison of vortex impact on rotor con-
trol angles at hover for HeliWorX (solid line) and
Host (dash-dot line) from [12]

As stated in [7], the dynamic flapping response of
hinged main rotors causes an excitation of both, the
lateral and the longitudinal flapping angles (8s.8¢),
depending on the hinge offset and its resulting
phase delay. A centrally hinged rotor blade would
have a response phase delay of exactly 90°, follow-
ing the excitation. Due to the natural frequency of
flapping of the EC135 at 1.07/rev the fundamental
blade flapping respond is with a phase delay of 78°.

For this interaction scenario, the vortex axis is al-
most perfectly in longitudinal direction of the rotor.
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Due to the sign of the vortex swirl rotation, the right
half of the rotor is affected mainly by upstream and
the left half is affected mainly by downstream. The
maximum excitation will appear at the rotor blade
azimuth gz = 90° / 270°, which is comparable with a
change of the longitudinal control angles Afs.

The result is an aerodynamic rolling moment with a
very little aerodynamic pitching moment. Therefore,
the dynamic rotor response is mainly a pitching mo-
ment and to a less extent a rolling moment, whose
signs depend on the helicopter rotor sense of rota-
tion.

The second part of validation concerns in addition
the aerodynamic elements of the empennage
(EMP), the fuselage (FUS) and the fin (FIN). In gen-
eral, the implementation between the flight mechanic
model with the global wind speed Vy, ; is the same
as with the local wind speed Vy,,. The only differ-
ence is the possibility to vary the wind speed locally.
However, a homogenous wind lookup table for the
local wind speed Vy,, without any spatial variations
has to produce the same results as the global wind
speed V1, ;. Consequently, the resulting angles of
attack a and sideslip g, forces F and moment M
should be identical for both wind models.

The global wind speed Vy, ; affects all aerodynamic
elements of the flight mechanic model. As already
mentioned, the interaction between the local wind
speed Vy,, and the tail rotor is not functional yet and
therefore neglected for this wind model. As a conse-
guence, the helicopter trim will slightly differ between
both wind models in pitch, roll and yaw attitude,
which results in deviations in the comparison.

Figure 9 to Figure 11 show the comparison between
trim results of global and local wind model for 20 kts
lateral wind at hover. This case is chosen, because
the greatest influence of the missing tail rotor inter-
action with the local wind speed Vy,; is expected.
However, all aerodynamic elements show excellent
agreement between both wind models. The same
applies for headwind/upwind cases and are not
shown here.

Oy |
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o

Figure 9: Comparison of angles of attack a« and
sideslip g for global (blue) and local wind model
(red)
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Figure 10: Comparison of forces F for global (blue)
and local wind model (red)
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Figure 11: Comparison of moment M for global
(blue) and local wind model (red)

5. PILOTED SIMULATION CAMPAIGN

5.1. AVES Facility

The piloted simulation campaign was conducted in
DLRs Air Vehicle Simulator (AVES, Figure 12). It is
maintained and operated by the Institute of Flight
Systems at DLR and features a replica of the
ACT/FHS cockpit and the flight control system with
experimental software. Experiments can be con-
ducted with two pilots, a Flight Test Engineer (FTE)
and a simulation operator. All experimental software
is available when flying the simulator in the right-
hand seat of the Evaluation Pilot (EP), as in the real
aircraft. AVES also features dome visual projection
and a full-size motion platform. The motion platform
consists of a hexapod structure with six actuator
legs to enable a limited six degrees of freedom mo-
tion. Each actuator leg has an operational range of
1.5m.

For this investigation, a dedicated visual environ-
ment was developed. This was to provide a realistic
cueing environment to the pilot during the test cam-
paign. The lack of available cues when flying off-
shore missions can be one factor that significantly
contributes to the workload. This could lead to spe-
cial disorientation. Therefore, it is important to com-
plete the tests using a realistic visual scenario, or a
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visual scenario that has been determined to be

equivalent ( [17]).

Figure 12: AVES Simulation Facility

The visual scenario was built using the layout of the
GTI. Figure 13 shows the external view of the heli-
copter approaching one of the WTs. Dynamic ob-
jects are included in the environment such as
weather effects, dynamic waves and rotating WT
blades.

Figure 13: Maritime offshore scenario of GTI at
AVES Simulation Facility

5.2. Experimental Setup of Piloted Simulation

The focus of this study is the assessment of the hel-
icopter response due to vortex wake interactions
generated by WTs of different sizes. In this investi-
gation, it is important that the pilots were not aware
of the nominal power of the WTs for each test run. A
sizing of the WT in the visual environment of the
simulation would give the pilots undesired hints
about the strength of the WT wake and could influ-
ence the pilot reaction. Therefore, the graphical WT
model was kept constant during this study. Conse-
guently, the position of the wind lookup table of the
local wind speed Vy,;, was shifted within the simula-
tion to cause the vortex encounter at the same posi-
tion.

Figure 14 shows the vertical shift of wind lookup ta-
ble for the 5 MW and the 20 MW WTs. For the 5 MW
WT, the graphical WT model and wind lookup table
match. Therefore, the tip vortex helix is placed con-
centric to the WT rotor hub (blue dashed circle). In
contrast, the graphical WT model does not match to

the 20 MW WT, which is marked transparent in Fig-
ure 14 and Figure 15. The wind lookup table must
be shifted downwards to cause the vortex encounter
at the same altitude (green dashed circle). Conse-
quently, the initial helicopter altitude remains the
same for the piloted simulation for WT of different
sizes and only the graphical model of the 5 MW WT
is visible.

P(Xpy Ve Zen) 20 mw

P(Xpy, View, Zend s mw

Ywr

Figure 14: Vertical shift of wind lookup table for 5
MW (blue) and 20 MW (green)

Furthermore, the effect of the WT size on the dis-
tance to the vortex encounter has to be considered.
For this study, the size of the flight corridor remains
constant (Figure 2), but larger WTs at exactly the
same position would violate the outer flight corridor.
Therefore, the wind lookup table is computed at the
correct respective distance of encounter, but shifted
horizontally within the simulation away from the flight
corridor (Figure 15). Consequently, the distance be-
tween helicopter and WT at vortex encounter xgy
and therefore the vortex age differs slightly for the
examined WT (Figure 4). But the position of the heli-
copter within the flight corridor and the visual envi-
ronment remains the same for all WTs.

le ‘
Ywr |

’ VW Jv \\‘ IR .-“
/ Ywr Xyr J .
‘ XWT@ «J‘ . '

s

wi

JR5MW Ragamwr

P(XEN, Yen, Zends mw ‘P[Xb'N,_VEM Zen) 20w

Figure 15: Horizontal shift of wind lookup table for 5
MW (blue) and 20 MW (green)

5.3. Task Definition

For the investigation, a mission task element was
defined using the flight corridor of the GTI (Figure 2).
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Figure 14 and Figure 15 show a typical flight path
identified as the situation where tip vortices could be
encountered. This case is equivalent to the case
shown in Figure 1. For this study, it was important
that the vehicle consistently encountered tip vorti-
ces. Therefore, for each simulation run, the aircraft
was trimmed in proximity of the vortex encounter.
The simulation ends, after the piloted has recovered
the helicopter from the vortex encounter.

As shown in Figure 6, small deviations from the ideal
flight path cause a reduction of the local velocities
and may cause weaker helicopter reactions. There-
fore, the helicopter is timmed at the initial position in
close proximity of the vortex encounter to cross the
wake tube at the upper boundary. The altitude of the
helicopter rotor hub corresponds to the vertical posi-
tion of the vortex encounter zgy (Figure 14). Fur-
thermore, the helicopter is centred at the middle of
the flight corridor and its longitudinal distance to the
vortex encounter is coarsely 75 m (Figure 15). As
indicated in Figure 6, this corresponds to a simula-
tion time of about 2.4 s for a flight speed of 60 kts.
Note that the initial helicopter position is within the
wind table lookup, but its influence at the starting
position at tgy = 0 s is negligible (Figure 6).

The piloted simulation was executed at three differ-
ent flight speeds: 20 kts (10.3 m/s), 60 kts (30.9
m/s), and 120 kts (61.7 m/s) per run. In addition, at
each flight speed the performance of the WT is also
varied between 5 MW, 12.5 MW and 20 MW. The
flight speeds are chosen because typically hovering
is performed with a relative wind speed up to 20 kts.
Furthermore, flights with helicopters to a helideck
are limited to an absolute wind speed of 60 kts and
120 kts is a common cruising speed.

The pilot task is defined to recover the helicopter af-
ter the vortex encounter. The pilot is instructed to re-
store of the flight speed, heading and altitude of the
trim condition (as per tolerances in Table 5). If the
helicopter is recovered within 1.5 s in the boundaries
of the first column, the task is considered as desired.
The same applies for the second column within 3 s
to achieve an adequate.

Table 5: Pilot task

Desired Adequate
Speed, kts 20, 60, 120 20, 60, 120
5 +10
Heading, ° 2705 270+ 10
Altitude, ft 510+ 10 510+ 30
Recover time, s 15 3

For typical offshore missions, many current helicop-
ters feature a stability augmentation system (SAS).
To assess the most critical situation in this investiga-
tion, neither SAS nor any higher command control
laws like attitude or translational rate command were

used. Therefore, a bare-airframe model of ACT/FHS
is used. Throughout the investigation, a global static
wind speed of V, ; = 11.3m/s was used due to the
chosen operating condition of the WT.

5.4. Subjective Assessment Scales

Currently there is no unified method to subjectively
assess the severity of vortex encounter. In this
study, two independent subjective assessment
scales were used after each simulation run. These
were the Upset Severity Rating (USR) and the Tur-
bulent Air Scale (TS).

The USR was presented in [3], a modified version of
the transient control-system failure scale proposed
in [18]. The scale is given in the Appendix
(Figure 25). It consists of a decision tree that allows
the pilot to assess the combined helicopter behav-
iour and possibility to recover following a disturb-
ance. When using the scale, the pilot is required to
begin in the bottom left corner. It is important that
the pilot follows the structure in order to avoid erro-
neous ratings. The rating is categorised as either
one of minor, major, hazardous, or catastrophic. The
pilot is asked to determine if “recovery was possible”
and “if the safety of flight was compromised”.

To answer these questions, the pilot must have an
understanding of the operational flight envelope of
the vehicle. If the pilot states that recovery was not
possible, he must award a rating of H. This would be
classed as catastrophic failure. ADS-33 defines that
the probability of catastrophic failure must be less
than 107 [4]. If the pilot believes that the safety was
compromised, he must award either F or G, citing
either major or hazardous encounter. These ratings
are all determined as intolerable for vortex wake en-
counter. When the pilot determines that the safety
was not compromised, a subjective rating between
A-E should be awarded.

The corrective control action of the pilot can vary
from “no action required” to an “immediate and ex-
tensive pilot effort is needed”. A larger impact on the
flight safety has the category major (rating F). In this
category a significant reduction of flight safety or an
significant increase in crew workload is expected.
The category hazardous (rating G) stands for a large
reduction of the safety margin so that even with im-
mediate critical control action and maximum pilot at-
tention a safe recovery cannot be assured. If the im-
pact of the encounter of a wake vortex is cata-
strophic (rating H), the chance for the pilot to
achieve a recovery is impossible.

The TS was used as an additional measure to
assess the impact of turbulence and is given in the
Appendix (Table 8). The scale is a 10 point
tabulated subjective assessment scale, taken from
[19]. Similarly to the USR, the scale is divided into 5
levels; no, light, moderate, severe and extreme.
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Light turbulence (TS 2-3) indicates smooth and
gentle  movement, which may require limited
corrections in manual control. Moderate turbulence
(TS 4-6) indicates “continuous small” or “medium
bumps” or “occasional heavy bumps”.

In the present investigation, turbulence encounters
occurred only once during each simulation. For this
reason, pilots were instructed to neglect the terms
“continuous” and “occasional” and thus TS6 was not
applicable in the investigation. When pilots felt they
had experienced a “heavy bump”, they were in-
structed to award TS7. Severe turbulence (TS 8) in-
cludes cases where negative g occurred and ex-
treme turbulence (TS 9 — 10) is reserved for cases
where the rotorcraft is difficult to control and/or the
rotorcraft lifted several hundreds of feet. The TS
scale does not include terms relating to loss of con-
trol or catastrophic failure, as in the USR scale.

The flight experience of pilots performing the task is
given in the Appendix (Table 7).

6. RESULTS

6.1. Example of Vortex Encounter

This section shows a typical example of the vehicle
response following the 20 MW WT wake encounter
at a flight speed of 60 kts. The helicopter was start-
ing trimmed and already located within the lookup
table, with values of the local wind speed (V) con-
sidered negligible at that position.

As shown in Figure 16, the local wind speed at the
rotor hub is non-zero around approximately 0 s
(begin of flight simulation) and 10 s (end of simula-
tion) with the largest influence between 1 and 5 s of
flight. The vortex core passage is indicated by the
reversal of vertical wind speed at tzy = 2.6 s. Con-
sequently, the helicopter experiences first an upwind
followed by a downwind after the vortex
ter. The peak velocity of the initial upwind is compa-
rable to the ideal flight path from Figure 6. There-
fore, the vortex core is considered to be crossed by
the rotor hub.

Figure 16: Velocities of local wind speed Vy,, at
main rotor hub of RUN 19 (20 MW, 60 kts)

Figure 17 shows the response of the vehicle for the
roll @, pitch @, yaw angle ¥ and the change of alti-
tude AH. Positive angles indicate roll right, pitch up
and yaw right, respectively. Due to the initial upwind,
the helicopter starts to pitch up and to climb. In addi-
tion, the helicopter experiences a very small roll right
movement at the beginning, which quickly changes
its directions before the vortex encounter. The yaw
angle ¥ decreases before the encounter. After the
vortex encounter, the roll and pitch angles show a
transient response to their initial values. The head-
ing stabilises, but a shift of 5° remains compared to
the initial condition. For this simulation run, a small
climb rate remains unnoticed by the pilot.
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Figure 17: Roll ¢, pitch ®yaw angle ¥ and change
of altitude AH of RUN 19 (20 MW, 60 kts)

Figure 18 shows the roll &4, pitch 8,5, YaW 8peq
and collective §.,; command of the pilot during the
simulation. Positive commands indicate positive roll,
pitch, yaw and climb rate commands, respectively.
The pilot only begins to apply control input after
about 2 s of the flight. This coincides with the first
noticeable reactions of the helicopter from Figure 17
and is just the time before the helicopter crosses the
centre of the vortex. In order to stabilise the vehicle
following the disturbance, the pilot applies only roll
614+ and pitch command 6,,,. This was typical for
cases investigated in this research. For example, the
pilot applied control inputs in pitch and roll approxi-
mately £10% relative to the trim setting. This shows
that significant control margin remained throughout
and supports the pilot subjective evaluation that the
case was not dangerous and was controllable
throughout.

Overall, the changes in angular attitudes of the vehi-
cle due to the vortex interaction remained under
+10° (Figure 17). The pilot was not required to con-
trol the yaw response, due to the weathercock stabil-
ity of the helicopter (Figure 18). The heading excur-
sions were not significantly large enough to force the
pilot to take corrective action. Despite this, assuming
that the yaw attitude must be recaptured within 1.5
seconds to achieve the desired task performance,
this has been successfully achieved (Table 5). As
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the flight continues, a small drift in the heading is
observed but was likely unnoticed by the pilot.
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Figure 18: Control input of RUN 19 (20 MW, 60 kts)

6.2. Pilot Subjective Assessment

All pilots awarded ratings using the USR and TS,
which are shown in Table 6. Using the USR scale,
only ratings between A and D were obtained. This
indicates no significant problems were experienced
following the vortex encounter. The experience of
the pilots was found to have a significant impact on
the results obtained. For the two experimental test
pilots (Pilot 1 and Pilot 2), the corrective control in-
puts for flying behind the 5 MW WT were accom-
plished with minimal to moderate urgency. Pilot 3
exerted moderately more effort to stabilise the vehi-
cle following the vortex-wake encounter. This was
shown through the test data obtained, with regards
to the vehicle state and the pilot input.

Generally, USRs awarded indicated that there was
more pilot correction required following encounters
from the 12.5 MW and 20 MW WTs. No clear corre-
lation was found between USRs and the flight speed
of the helicopter. The USR scale was found to be
coarse and ratings alone did not contain significant
information regarding the overall influence of the
wake encounter. Therefore, further detailed feed-
back from the pilots was required following each of
the test runs. Furthermore, the pilots commented
that the USR scale could be improved by higher
resolution with a finer classification.

Concerning the task, pilots gave the feedback that
the requirements were removed from those ex-
pected during offshore operations. During real oper-
ations, pilots stated that they would not try and stabi-
lise the helicopter instantaneously following the en-
counter. This is due to the lack of the requirement
during the operation. In the case that the pilots do
not react to the turbulence interaction, for the majori-
ty of cases, the helicopter would stabilise by itself.
Pilots commented that when attempting to stabilise
the aircraft, pilot-induced oscillations were occasion-
ally encountered. These could be avoided if the
temporal demand to respond to the situation were
removed.

Table 6: TSR and TS pilot ratings

Pilot 1 Wind Turbine Power
Speed 5 MW 12.5 MW 20 MW

B,B,B B,C,C Cc.CcC
20 kts

3,3,3 3,4,4 55,4

B,C,B C,CcC Cc.CcC
60 kts

4.4.4 4.4.4 7,77

B,AA C,B,B B,B.B
120 kts

43,3 4.4.4 4.4.4
Pilot 2 Wind Turbine Power
Speed 5 MW 12.5 MW 20 MW

CcCcC C,B,C B,B,B
20 kts

7,54 4.4.4 3.4,4

B,B,B C.C.C C,.CB
60 kts

3,3,3 4.4.4 7,77

B,C.C C,D,D
120 kts
4.4.4 77,7

Pilot 3 Wind Turbine Power
Speed 5 MW 12.5 MW 20 MW

C,C.B C,D,C C.CB
20 kts

3,44 45,4 4,43

D,B,B C,C.B B,B,C
60 kts

43,3 3,3,3 3,34

B,B.B C,D,B B,C,D
120 kts

2,2,3 3,4,2 34,4

In contrast, the TS ratings showed that some cases
were assessed as TS 7 severe turbulence (Table 6).
The reason for TS 7 was due to the modifications to
the terms used in the scale. No turbulence cases
were considered as extreme (TS 9-10).

Generally, ratings showed a trend that the turbu-
lences increase severity with increasing perfor-
mance of the WT power. One exception is Pilot 2 at
20 kts. Generally, the ratings of Pilot 3 (non-test pi-
lot) do not reflect those obtained from the other pi-
lots. This pilot suggested that he had particular prob-
lems assessing the situation, and therefore was
generally unsure about the ratings that he awarded.

Combined ratings of all pilots with respect to WT
power and forward flight speed are shown in
Figure 19 and Figure 20. The minimum and maxi-
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mum ratings are given by the error bars. The marker
shows the mean value obtained. Strictly speaking,
both the TS and USR are non-linear scales and the
mean value does not take into account this non-
linearities. With this in mind, the mean value is used
only as an indication of the trend of results.
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Figure 19: Upset Recovery Ratings for all pilots with
respect to WT power and forward flight speed
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Figure 20: Ratings awarded using the Turbulent Air
Scale (TS) for all pilots with respect to WP power
and forward flight speed

With regards to general severity of the turbulence
encounters, using the USR scale suggests that no
major problems were observed, which generally cor-
relates with the feedback of the pilots. TS ratings
show that occasional “severe turbulence” was expe-
rienced. In this respect, the severe turbulence has
not caused safety of the flight to be compromised.
The USR scale appears to be more suitable to de-
termine the severity of turbulence, and whether it
significantly reduced the safety of flight. The modi-
fied TS scale is less suitable for this type of investi-
gation due to the experimental setup. Therefore, the
range of the modified TS rating is limited to a very
coarse rating of “none”, “light’, “medium” and

“heavy” single “bumps”, which causes misleading
results compared to the USRs.

6.3. Pilot Control Strategy

Disagreement between ratings obtained from pilots
were found from the subjective measures, which can
be explained by differences in the control strategies.
Exemplary, a comparison between Pilot 1 and Pilot
2 is made. For both cases, the nominal power of the
WT is 20 MW and the selected flight speed is 120
kts.

According to the task performance requirements
shown in Table 5, there are no explicit attitude limits
(for pitch and roll), allowing to perform the task using
different methods. As shown in Figure 21, Pilot 1
used very low magnitude control inputs following the
vortex interaction. For this reason, the pitch attitude
change is corrected slowly, relying partly on the nat-
ural response of the aircraft (Figure 23). In this way,
the pilot applies an open-loop type command strate-
gy during recovery to avoid oscillations.

In contrary, Pilot 2 attempted to stabilise the vehicle
and arrest the attitude following the disturbance. To
arrest the pitch attitude, control inputs with much
larger magnitude comparted to pilot 1 were applied
(Figure 22). Nevertheless, similar pitch attitudes
were experienced by both pilots (Figure 24).

Note that a time synchronisation error occurred in
the measurement data of run59, run60 and run61.
Therefore, a time shift is visible in Figure 22 and
Figure 24.
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Figure 21: Control input of Pilot 1 (20 MW, 120 kts)
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Figure 22: Control input of Pilot 2 (20 MW, 120 kts)
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Figure 23: Helicopter pitch attitude of Pilot 1 (20
MW, 120 kts)
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Figure 24: Helicopter pitch attitude of Pilot 2 (20
MW, 120 kts)

7. CONCLUSION

In this paper a piloted simulation campaign deter-
mining the influence of vortex wake encounters for
different WTs within a wind farm has been presented
and results have been discussed. The baseline WT
was the NREL 5 MW, which has been scaled up to
12.5 MW and 20 MW. A worst case scenario is cho-
sen with a WT operating with maximum tip vortex
circulation. In addition, neither SAS nor any higher
command control laws were used to control the heli-
copter. The following are the key conclusions from
this effort:

e The results of the Upset Severity Rating
(USR) scale range from A to D, which repre-
sents the “minor hazardous” category. Modi-
fied TS ratings range up to TS 7, which is
equivalent to “severe turbulence”.

e The USR scale has been found to be more
suitable compared to the TS rating for the
assessment of the severity of the vortex
wake interaction. It correlates better with the
additional feedback of the pilots. Neverthe-
less, it has been stated that the resolution of
the classification can be improved.

e The TS has been modified for this study by
ignoring terms like “continuous” or “occa-
sional” due to the single occurrence of the
vortex encounter. Therefore, the range of

the modified TS ratings is limited and the re-
sults may be misleading. As a result, pilots
rated “severe turbulence” with TS and “mi-
nor hazardous” with USR at the same time.

e The upscaling of the WTs leads to very simi-
lar peak velocities at the vortex encounter.
Mainly the vortex core radius differs, which
is a side effect of the positioning of the wind
table within the simulation.

e Overall, the piloted simulation with the semi-
empirical WT wake model suggests suffi-
cient safety clearance within the wind farm
even with very large WTs. However, the
suitability of the WT wake model has to be
compared against high fidelity models.

Future work will build on the simulation tools devel-
oped within in this research campaign:

e The missing interaction between the heli-
copter tail rotor and the local wind speed will
be modelled and validated.

e The semi-empirical WT wake model will be
compared against high fidelity CFD data at
the same operating condition to assess its
accuracy.

e The interaction the between helicopter and
local wind speed will be extended for un-
steady velocity data. Therefore, additional
maritime helicopter operations can exam-
ined like hover behind a bluff body (e.g.
halted WT).
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Table 7: Overview of pilot experience

T
ERF—

European Rotorcraft Forum

Pilot 1 Pilot 2 Pilot 3
Pilot license 42 years 22 years 11 years
Experimental Test Yes Yes No

Pilot

Aircraft experience

EC 135, Bo 105, Bell 412,
Bell UH-1D, Alouette I

Tomahawk PA38, Firefly
T67M260, Tucano T1,
Hawk T1/1A, AS350,
B/AB 412EP, Sea King
Mk3/3A/4/5/7, Chinook
Mk 2/2A/3, A109E Power,
Gazelle AH1/HT3, Lynx
Mk7, S-92, Bo 105,

Bo 105, EC135, S-65,
Bell UH-1D, Cabri G2

EC135
Flight hours 6500 h 3600 h 1100 h
Offshore flight per 0 60 0
year
Recent helicopter
offshore experience 0% 25 - 50% 0%
(% of flight hours)
Manoeuvre:
Landing OSS 0 more than 30 0
Manoeuvre:
Hoisting with person 0 more than 30 0
Manoeuvre:
Hoisting without 0 more than 30 0
person
Manoeuvre: 0 more than 30 0

Ship deck landing

Table 8: Turbulent Air Scale (TS) [19]

Scale Definition Air Condition
1 - Flat calm
2 Light Fairly smooth, occasional gentle displacement
i
3 J Small movements requiring correction if in manual control
4 Continuous small bumps
5 Moderate Continuous medium bumps
6 Medium bumps with occasional heavy ones
7 Continuous heavy bumps
Severe . .
8 Occasional negative “g”
9 Rotorcraft difficult to control
Extreme - -
10 Rotorcraft lifted bodily several hundreds of feet

Page 16 of 17

Presented at 45th European Rotorcraft Forum, Warsaw, Poland, 17-20 September, 2019
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2019 by author(s).




Effect of upset

Ability to recover

Minimal excursiens in
aircraft states

Corrective control action
not required

Minor excursions in aircraft
states

Correciive conirol inputs
accomplished with minimal
urgency

Excursions in aircraft states
o controls maderate but
not abjectionable

Corrective confrol inputs
accomplished with
moderate sense of urgency

Objecticnable excursions in
aircraft states or confrols —
COFE exceedance not a factor

Corrective confrol action
requires immediate and
considerable pilot effort

Excursions in aircraft

states or controls very

objectionable, or OFE
limits approached

Corrective control action
requires immediate and
exiensive pilot effort

Telerable

Rating

safety of flight
promised?,

Was recovery
impossibhe?

T

Upsel occurs

Intolerable

Excursions in aircraft states
may result in encounter with
obstacles, unintenticnal
landing, or exceedance of
OFE boundaries

Successful recovery very
dependent on immediate
critical control action with
maximum pilot attention

Recovery marginal;
safe recovery can not be
assured even with
maximum pilot attention

Catastrophic encounter
with obstacles or
structural failure

No passibility of averting
catastrophe

Figure 25: Upset Severity Rating (USR) with hazard categories minor (A - E), major (F), hazardous (G) and

catastrophic (H) [3]
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