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Abstract: A moving spatial turbulence model is developed for rotorcraft maneuvering simulation
under different flight conditions. The recursive algorithms are adopted to model its distributed
longitudinal turbulence components, which are correlated with the lateral and vertical axes to form
a local spatial turbulence field. The flow field is constrained around the rotorcraft by following
its movement, and the corresponding turbulence components are updated at a constant spatial
interval. The statistical properties along the longitudinal, lateral, and vertical directions have been
validated against the von Karman theory. A synthetic simulation environment consisting of a flight
dynamics model and a pilot model is constructed to demonstrate the effectiveness of the turbulence
model. Its performance is validated by comparing the power spectral densities of both rotorcraft
responses and pilot controls in turbulence against flight test data. The piloted simulation results on
an Approach-to-Hovering task show that the handling qualities ratings are susceptive to the level
of turbulence and significantly increase when performing aggressive controls. The simulation also
accurately predicts the expected effect of varied aircraft speed, wind speed, turbulence intensity, and
stability augmentation system on piloted handling qualities rating for rotorcraft flight in turbulence.

Keywords: atmospheric turbulence; rotorcraft; maneuvering; simulation; flight dynamics

MSC: 62-08

1. Introduction

Rotorcraft often encounter atmospheric turbulence when operating near the ground.
The undulating turbulence properties and wind speed with altitude can lead to a variation
of rotorcraft dynamics characteristics [1], posing a safety issue for rotorcraft operation
under some circumstances due to the requirement of extra pilot efforts for rejection of
turbulence and dealing with adverse motion characteristics of the vehicle. A turbulence
model with a good level of accuracy is vital to study and reduce the potential adverse
effects on rotorcraft operation by providing a high-fidelity simulation.

Three mainstream turbulence models have been developed for prediction of rotorcraft
response to turbulence. The earliest developments were to produce spatially distributed
turbulence components directly based on spectral functions. Campbell and Sanborn [2]
proposed a Monte Carlo method to generate three-dimensional frozen turbulence. Three-
dimensional Gaussian white noise signals were generated in the spatial-frequency domain,
multiplied by transfer functions with desired spectra, and then were transformed back
to form spatially distributed turbulence components. Robinson et al. [3] developed a
full-field atmospheric turbulence model for use with piloted rotorcraft simulation. Spatial
turbulence samples were generated using a summation of sinusoids to match the von
Karman spectra. Dang et al. [4] came up with a parallel method running on a number of
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processors to speed up the summation-of-sinusoids algorithms for turbulence simulation
and rotorcraft-response prediction. The spatial turbulence models are capable of adapting
to turbulence proprieties varied with altitude and vehicle speed. However, these models
require heavy computations to achieve improved simulation accuracy and large storage
for large or full-field turbulence. McFarland and Duisenberg [5] turned to produce a time-
domain turbulence field by spectral functions in temporal frequency. Turbulence velocity
components were generated in front of the main rotor with the assumed “frozen field” and
floated downstream when the rotorcraft flew forward to form a two-dimensional flow field.
The turbulence components at any point were obtained by the Gaussian interpolation in
the lateral direction. Ji et al. [6] extended this work by developing high-order filters with
the approximate von Karman spectra [7] and establishing mathematically rigorous spatial
correlation along the lateral and vertical axes [8] to form a three-dimensional turbulence
field. Different from the physics-based approach, the Control Equivalent Turbulence
Input (CETI) models [9-11] produced the time histories of control inputs to rotorcraft with
specific Power Spectral Densities (PSD) to simulate the same effect of turbulence. The
spectral functions were identified from flight test data in turbulent wind conditions. They
were originally developed for control system optimization, in-flight simulation, and pilot
training in hover/low-speed flight, and were later extended to forward flight [10] and
multi-input/multi-output applications [11]. The temporal turbulence models generate a
local turbulence field around a rotorcraft or the time histories of CETI and thus significantly
reduce requirements of computation and storage. However, they cannot adapt to various
flight speeds due to the fact that the spectral functions of turbulence components or control
inputs are in temporal-frequency form and should be implemented under a steady airspeed
for the time histories of turbulence components or CETI signals. Progress in Computational
Fluid Dynamics (CFD) techniques offered another way to model a turbulence field over
complex terrain [12]. Henriquez Huecas et al. [13] put forward a synthetic eddy method
for use in flight simulation and handling qualities analysis. Eddies were generated with
a random distribution within a control volume around a rotorcraft and were converted
to form a time-varying turbulence field. Liu et al. [14] used a well-established large-eddy
simulation model to generate highly resolved wind fields over a mountainous region. The
application of the CFD methods in natural turbulence modeling for aircraft flight analysis
is constrained by extensive computations required to generate a flow field.

This paper presents a moving spatial turbulence model with low requirements of
computation and storage for efficient implementation and the capability of adapting to
various flight conditions during maneuvering. The paper is structured as below. Section 2
will give the development and initial validation of the turbulence model. In Section 3,
the turbulence model will be integrated into a simulation environment with a rotorcraft
dynamics model and a pilot model. The validation of the simulation model will be given
there. Rotorcraft maneuvering flight in turbulent wind with different flight speeds and
altitudes will be investigated in Section 4. Finally, the results are discussed in Section 5, and
the conclusions are drawn in Section 6.

2. Moving Spatial Turbulence Model
2.1. Recursive Algorithms for Spatial Turbulence Components

Turbulence components will be produced by passing spatially distributed white noise
samples through recursive algorithms. The von Kdrman spectra satisfy the Kolmogorov
—5/3 decay law and correlate well with experimental data [15], and therefore are chosen
to derive the recursive algorithms. The most challenging problem for the application of
the von Karman spectra arises from their irrational forms. However, high-order rational
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approximants to the spectra were easily obtained by the least-squares approximation
method [7],

Suf0) _ 21, I [1(@LO)]
Cad IR 1 (b))

Pw(0) _ LM @
o5 T [1+(diLQ)?]
@ 7 Hiil[H(d,Lwo)]

where @, Dy, Py are the approximate spectra for longitudinal, lateral, and vertical tur-
bulence components, () is the spatial frequency, 0y, 0, 0%, are the standard deviations of the
turbulence components, L,, Ly, Ly, are the integral length scales, and 7 is the circumference
ratio. The coefficients a;, b;, c;, and d; are as follows,

a; = 0.25, ap = 0.0244, b;=1.19, b, = 0.167, b3 = 0.0170;

c1 =2.618, cp = 0.12981, c3 = 0.0178, dy = 2.083, dp, = 0.823, d3 = 0.08977, d4 = 0.0129.
Writing @ ~(Q) = |G(jQ)|* gives the frequency response functions

Gu(jQ) _ /2Ly, [T (1+aiL,jQ)
o 7T T, (1+b;LujQ)

M — ﬁw (2)
0v TTITE, (14+d1 LojQ2) *
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where G, Gy, and Gy, are the frequency response functions for longitudinal, lateral, and
vertical turbulence components in spatial frequency.
The bilinear transform [16] will be used to convert Equation (2) to z fucntions. Substi-

tuting jQ) = Ax 1 +Z_1 into the longitudinal frequency response function, we get that
Gulz) _ o1 g (Hz*)H,il[(ﬁu+a,’)+(ﬁrai)z*]
ou T Tl [(5u+b )*(ﬁu*bi)zfl] )
3 —i
= aulBu 213 Oj(i i
where a}, and B, are
;o 2Lu _ Ax
Xy = lBu - 2Lu (4)
and the coefficients ¢; and f; are
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fo= T1(Bu + b))

i=1
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In view that
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where Au’ represents longitudinal turbulence component sample with unit variance, and n
represents white noise sample along the longitudinal direction with unit spectrum. Thus,
the spectrum of the white noise sample 7 is

Pun(Q2) =1 ®)
However, the unit-variance white noise sample 7 is more widely used in simulation
practice, and the variance 0’% is
o)
> nyq T
;= Qppdw = —&,, =1 9
I /0 m A D O

where ®;, is the spectrum of the white noise sample 7, and Qpnyq = 71/Ax is the Nyquist
frequency in the spatial domain.
Combining Equations (8) and (9) arrives at

7T

q)nn:B

Dy (10)

As a consequence, the relationship between n(z) and #(z) is

n 7T
ﬁ(z) =\ Ax (11)

The z transform from the white noise sample 7 to the longitudinal turbulence compo-

nent sample Au' is
Au'(z)  A'(z) n(z) T Gy(z)
= . =) =212 (12)
n(z)  n(z) gz VAx o
Finally, substituting Equation (3) into Equation (12), after cross multiplying and
simplifying, the difference equation for the longitudinal turbulence component sample
Au'is

3 3
foduy, = =Y fidu,_; + a, <Z eiiyni> (13)
i=1 i=0

where Auj, and 1, are the longitudinal turbulence sample and spatially distributed white
noise sample at the location x = nAx, and

| T /2L
Ny = 0(;4 H = TJ? (14)
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The difference equation for lateral turbulence component sample was obtained by
conducting the same procedures for the lateral frequency response function in Equation (2).
The recursive algorithm is

4 4
hoAvy, = =Y (hiAv;,_;) + ay (ngni> (15)
i=1 i=0

where Av), is the lateral turbulence component sample with unit variance, and the coeffi-
cients ay, By, gi and h; are

Ky = %/ ,Bv = %: (16)
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3 3
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4
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The difference equation for the vertical turbulence component sample is similar to
that for the lateral case in Equation (15). Thus, Equations (13) and (15) give the recursive
algorithms for spatially distributed turbulence components with unit variance. For a
rotorcraft encountering a patch of turbulence at low altitude, the integral length scales are
assumed constant and are determined by the intermediate height &, of the turbulence field
and the underlying terrain roughness g [1]

. 25h0.35
{ L,=L,= m1n<h%gg3,280) (19)

Ly = min(0.7hy,, 280)

The turbulence intensities will vary with the altitude & and the underlying terrain
roughness hg as well as be influenced by the local wind speed U},

o 21076 1
gt = [0.867 + 0,556 1og o 1 — 0.246(10g o ) o

2
i = |0.655 +0.2011og; 1t — 0.095(log1 )" | oy (20)
- 2
{f = |0.381 +0.1721og; 1t — 0.062(l0g1 1)” | g7 7y
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The wind speed U}, varies with the altitude and is formulated by the power law [1],

h 4
Uy, = Uyo (10> (21)

where Uy is the wind speed at the altitude of 10 m. The exponent « is an empirically
derived coefficient dependent upon the underlying terrain roughness,

& = 0.24+0.096 log,, g + 0.016 (log;, ho ) (22)

The turbulence intensities ¢y, 05, and o, are easily obtained with Equations (20) and (21)
for a rotorcraft flying with varied flight altitude, and thus turbulence components along
the longitudinal direction of airspeed are

Au = oA’
Av = o AV (23)
Aw = opAw'

2.2. Moving Spatial Turbulence Field

The turbulence components produced by the recursive algorithms in Equations (13) and (15)
are correlated to form correlated spatial turbulence filters for their expansion in lateral
and vertical axes. It was proven that the linear transformation with the Cholesky factor
is optimal to relate dependent turbulence components with desired correlations [8]. For
Ny x Nz sets of dependent turbulence component samples along the longitudinal direction,
the covariance matrices Ryy, Ryy, and Rww can be obtained by the spatial correlation of
the von Karman theory [15]

2/3 2+ 2
Ruu(m,n) = fi564"° [K1/3(Cu) — Kay3(u) 22
2/3 2
Ryy(m,n) = 775 5 {Kl/g(év) - Kz/s(Cv)zt%g (24)

2/3 2
Ry (m,n) = rfl/g) &° [K1/3(€w) - KZ/S(CW)ZagLizu,{;'

where §, = |ym - yn|/ C3 = |Zm - Zn|/ ¢ = A/ C% + (;(%/ Cupw = C/(ﬂLu,v,w)- Ym,Zm and YnsZn
are the lateral and vertical coordinates of the my, and ny, sets of dependent turbulence
component samples, I is the gamma function, and K is the modified Bessel function of the
second kind.
The lower triangular factors can be solved by the Cholesky factorization to the covari-
ance matrices [16] as follows
Ruy = AuAj;
Ryy = AvAj, (25)
Ryw = AwA},

Finally, dependent turbulence component samples are obtained through the transformation

ALIi = AuAui
AVZ‘ = AvAvi (26)
AWZ' = AwAwl‘

with T T T
AU; = (AUy;) AV = (AVyj), AW; = (AW;;)

i = (Buyg) T, vy = (o), oy = ()

where AU; j, AV; ;, AV ; are the dependent turbulence components of the ji, samples at the
position x = iAx, and Aui,]', Avi,j, Awi/]« are the independent turbulence components. Thus,
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combing the recursive algorithms in Equations (13) and (15) and the transformation in
Equation (26), Ny x Nz sets of correlated spatial filters can be formed with Ny X Nz sets of
independent white noise samples.

With the correlated spatial filters, a turbulence field of the cuboid ABCDEFGH is
formed around a flying rotorcraft, as shown in Figure 1a. The length of the turbulence field
is Lt, the width is Wr, and the height is Ht. The turbulence field will move forward along
the longitudinal direction of airspeed to keep around the vehicle, and it can also rotate
along the lateral and vertical axes to keep the front surface ABCD perpendicular to the
airspeed V. The turbulence field is divided into Nx x Ny X Nz nodes with the intervals
Ax, Ay, and Az along the longitudinal, lateral, and vertical axes, as shown in Figure 1b.
The Ny x Nz sets of correlated spatial filters are placed on the grid nodes of the surface
ABCD. The filters will update once the turbulence field moves forward one step and the
new turbulence components are fixed at the inertial space where they are produced. Thus,
every node of the grid will be filled with turbulence components by the forward movement
of the turbulence field.

Wr |

|G

|
/ H
Hr

D D
zZ
‘ Az !
= *
7, Turbulence axes \ o  in oo
A . B \\ xg 'z Az
Ya < /78 “8
NED axes xa Spatial filters &y
(a) (b)

Figure 1. Moving spatial turbulence field. (a) Geometry; (b) Grid.

The airspeed Vj, is the difference between the ground speed V and the wind speed Vyy,
as shown in Figure 2. The components vy, 0y, and vz, of the wind speed are obtained by
transforming the wind speed magnitude U, into the North-East-Down (NED) axes with
the wind direction ¢y

Uyw = Uy sinpw (27)
Vyw = 0

{ Vxw = Uy, cos Py

Xg (North)

Y (East)

Figure 2. Relationship among wind speed Vy;, ground speed V, and airspeed Vj4.

A turbulence coordinate system o; — xty;z; is established at the center of the surface
ABCD. The x-axis points at the opposite direction of the airspeed, the y-axis points to
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the right direction of the aircraft, and the z;-axis points up. The turbulence field is softly
constrained to the movement of the aircraft at the Center of Gravity (CG) with

Xeg > Rr
Yeg =0 (28)
2¢g =0
where xf:g, yEg, and zgg are the coordinates of the CG, R is the radius of the main rotor. The
initial condition of the CG of aircraft is
Xeg|, o = Rr (29)

where t represents time. At each simulation step, as the aircraft moves (V4At) meters
forward with respect to the air, the turbulence field has to move up n, steps with the step
size Ax to satisfy the constraint in Equation (28)

0, if xiy > Ry

= Rr—xt 30
Ny ’7 TAxXcg—‘, if x(t:g < Ry ( )
where [ | is the ceiling operator. Since n,Ax is not often equal to V4 At, the zgg coordinate
of the aircraft CG varies with the rotorcraft speed V4
t t
= Ax — VpAt 31
xcg‘t:nAt Yeg t=(n—1)At +xAX = VA 1)

where 7 is the simulation number and At is the simulation step. To keep the front sur-
face ABCD perpendicular to the airspeed Vj, the heading and climb angles of airspeed
are defined

—1 Uya
Uxa

Ya= —tan~1 % (32)
\/ Uazra +U§u
where ), and 1, are the heading and climb angles of airspeed, and v, Uyq, and vz, are the

airspeed components in the NED system. Thus, the transformation matrix from the NED
axes to the turbulence axes ng is

Xa = tan

-1 0 O —COSYaCOS Xa COS7YaSIiN)a SNy,
Ttg =Ty(7a)Tz(xa)| 0 1 0| = sin Xa COS Xa 0 (33)
0 0 -1 —Siny,Cosxa Sin7YyasinYa —COSYa

where Ty and T, are the direction cosine matrices rotating round lateral and vertical axes,
respectively.

With the kinetics of the turbulence field, the coordinates of each rotorcraft aerodynamic
element, taking the fuselage for example, in the turbulence axes can be calculated by

t b b t
s Xs Teg teg
]/{5 = ngTl% y]fgs - ]/lc)g + y;:g (34)
Zfs Zfg ch ch

T T . .

where (xES, yE’s, z'f:’s) and (ng, yE’g, z&) are the coordinates of the fuselage and CG in the
T

body axes, as well as (xf,, vt ng)T and (xgg, Yegs zzg) are the coordinates of the fuselage

and CG in the turbulence axes.
With the coordinates (x{,, yf,, z}S)T, the turbulence components of the fuselage are ob-
tained by the nearest interpolation to the turbulence field and denoted as (AU, AV, AWL) T

fs” fs”
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After transforming into the NED axes, the turbulence components of the fuselage for the
flight dynamics model are,

AU AU
S fs
AV | =TE| AV (35)
AW AWE

where T¢ is the transformation matrix from the turbulence axes to the NED axes, and
AUy, AVi, AW are the turbulence components of the fuselage in the NED axes.

With coordinates derived from the flight dynamics model and then repeating the
above procedures, turbulence components of each aerodynamic element of the rotorcraft
can be calculated and then transferred to the flight dynamics model for simulation.

2.3. Initial Validation of Turbulence Model

The statistical property of the moving spatial turbulence model is validated against
the theoretical von Karman model before taking a further insight into its effect on rotorcraft
operations. The turbulence model is integrated with a hovering UH-60 rotorcraft flying
toward freestream turbulence. The length of the rotorcraft is 19.76 m including the main
rotor, the height is 5.13 m, and the main rotor diameter is 16.36 m. Therefore, the turbulence
field is set with Lt = 20 m, Wt = 16.5 m, and Hr = 5 m. The grid intervals are set with
Ax = Ay = Az = 0.5 m, and the grid nodes are 41 x 34 x 11. The wind condition is set
with Uyjg = 11.6 m/s, h = 12 m, and hy = 0.4 m to simulate turbulence over a suburban
area [17].

Figure 3 shows a slice of turbulence components over the horizontal plane. It is
observed that all three turbulence components vary randomly along the longitudinal and
lateral axes, in which longitudinal and lateral components show more regularity over the
flow field than the vertical components. This reflects the fact that the longitudinal and
lateral integral length scales are larger than the vertical one, resulting in the corresponding
turbulence components being more highly correlated over the flow field.

Figure 4 presents the comparison between the simulated and theoretical correlation
coefficients over the turbulence field, where py,, Py, and pqy are the autocorrelation coeffi-
cients between the longitudinal, lateral, and vertical turbulence components, respectively.
The longitudinal and lateral turbulence components present a stronger correlation than the
vertical one, which is in accordance with the results in Figure 3. The simulated correlation
coefficients along all three directions agree well with the theoretical results.

Figure 5 presents a comparison between simulated and theoretical turbulence spectra
at a chosen point. It can be seen that the time histories of turbulence components experi-
enced by a point in the turbulence field take the theoretical spectral characteristics in the
frequency range of interest of handling qualities (1~10 rad/s).

Simulations were also conducted for another wind condition with U;g = 8 m/s,
h = 60 m, and hp = 1 m over a city center. The turbulence field grids are set to the same
structure as above. Figure 6 shows the comparison between the simulated and theoretical
correlation coefficients along lateral direction and Figure 7 presents the comparison between
simulated theoretical spectra of vertical turbulence component at fuselage. It can be seen
that both simulated correlation coefficients and spectra are in good agreement with the
theoretical von Karmdn model, demonstrating the performance of the proposed turbulence
model over different terrains.
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y (m) -10 0 X (m)

y (m) -10 0 X (m)

(c)

Figure 3. A slice of turbulence components on the horizontal plane. (a) Longitudinal turbulence

component; (b) Lateral turbulence component; (c) Vertical turbulence component.
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Correlation coefficient

Longitudinal distance (m)

(a)
14 T T T
0.8 A "‘++++,H_ 1
A o
= 3 +‘|‘"|-|—++.
5 2 T
Q %,
Eo6t A p
2 p2\
S A
=1 'A
2 0l 24 1
e A,
5 Ay
o By
02+ &AA ]
: Ay tan
S VYN o\
0 L 1 1 L Il L 1
0 2 4 6 8 10 12 14 16
Lateral distance (m)

(b)

Correlation coefficient

0.4 4
0.2 4
0 1 L L 1
0 1 2 3 4 5
Vertical distance (m)
(c)

Figure 4. Comparison between simulated and theoretical correlation coefficients. (a) Along longitudi-
nal direction; (b) Along lateral direction; (c) Along vertical direction.
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AU

-5
10 === Theory
= = Simulation
10'10 1 1 1 1
10° . . . .

Magitude ((m/s)*/(rad/s)) Magitude ((m/s)*/(rad/s)) Magitude ((m/s)*/(rad/s))

10'10 1 1L 1L 1
105 T T T T
AW
10° 1
10° F ; .
]0'10 1 1L 1L 1
107 107! 10° 10! 107 10°

w (rad/s)

Figure 5. Comparison between simulated and theoretical turbulence spectra at fuselage.

Correlation coefficient

1 1

O 1 L 1 L L
0 2 4 6 8 10 12 14 16

Lateral distance (m)

Figure 6. Comparison between simulated and theoretical correlation coefficients along lateral direc-

tion for flight over a city center.
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== Theory
= = Simulation

Magitude ((m/ s)2/ (rad/s))
S

107 2 |1 Io |1 ‘2 3
10 107 10 10 10 10
Q (rad/s)

Figure 7. Comparison between simulated and theoretical spectra of vertical turbulence component at
fuselage for flight over a city center.

Finally, simulations were conducted with two different grid intervals to investigate
the mesh convergence characteristics of the proposed model. The wind condition is set
with Ujp =8 m/s, h = 60 m, and hy = 1 m to simulate turbulence over a city center. The
turbulence field is set with Lt = 20 m, Wy = 16.5 m, and Ht = 5 m. The lateral and vertical
grid intervals are set with Ay = Az = 0.5 m, while the longitudinal grid interval is set
with Ax = 1 m and 2 m, respectively. Figure 8 shows the comparison between simulated
and theoretical spectra of vertical turbulence component at fuselage with different grid
intervals. It is shown that simulated spectra agree well with the theoretical results at
the low frequency range. However, the simulated spectra begin to collapse at a smaller
frequency point from 36.4 rad /s to 18.2 rad /s as the grid interval increases from 1 m to 2 m,
respectively. This is due to the fact that the turbulence samples of an aircraft are updated
by the time step Ax/V, and thus the Nyquist frequency 7V, / Ax, as the aircraft is flying
through the turbulence field with the relative speed V4 To obtain high-fidelity simulation
results in the frequency range in which handling qualities is of interest (about 1-10 rad/s),
the grid interval Ax should be small enough that 7V, /Ax for turbulence sample update is
at least double than the upper threshold (10 rad/s).

102 T T

100 L

Magitude ((m/s)*/(rad/s))
=

-4 ]
10 === Theory
= = Simulation
[l
-6 . . .
10
107 107! 10° 10! 10° 10°
Q (rad/s)
(@)

Figure 8. Cont.
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Magitude ((m/s)*/(rad/s))
=

T == Theory
= = Simulation

107 2 . Io ‘1 l2 3
107 107 10 10 10 10
Q (rad/s)
(b)

Figure 8. Comparison between simulated and theoretical spectra of vertical turbulence component at
fuselage with different grid intervals. (a) Ax = 1 m; (b) Ax =2 m.

3. Simulation Environment

Figure 9 shows the simulation scheme for rotorcraft maneuvering flight in turbulent
wind. The turbulent wind vector w is first calculated from the turbulence model and then
transferred to a high-order nonlinear rotorcraft flight dynamics model including turbulence
dynamics. The pilot model plans a desired trajectory complying with the mission task
requirement. The control # from the pilot model after comparing the desired trajectory
and the rotorcraft motions is generated for stabilization and guidance. These consist of
the whole framework for rotorcraft maneuvering flight in turbulent wind implemented in
this paper.

Mission task Turbulence
model
IR
u : . x
Pilot model > Flight dynamics .
model

A

Figure 9. Simulation scheme for rotorcraft maneuvering flight in turbulent wind.

3.1. Flight Dynamics Model

A generic UH-60A rotorcraft model [18-20] is used for investigation in this paper. The
model is formulated with both rigid body dynamics and high-order main rotor dynamics.
A three-state dynamic inflow model is used to simulate the main rotor inflow dynamics.
The aerodynamic forces and moments of the main rotor are determined with blade element
theory. The airfoil lift and drag coefficients of the blade elements are obtained with inter-
polation to wind tunnel test data. The main rotor blades are assumed to be rigid bodies.
The rigid flapping and lagging motions of each blade are derived from aerodynamic and
inertial moment equilibrium at the hinge. The elastic torsional degree of freedom of the
blade is modeled empirically as a dynamic twist affecting equally each of the rotor blades.
The impact of atmospheric turbulence on the vehicle is considered by superimposing the
turbulent wind components directly on the local inflow components of each aerodynamic
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surface (including main rotor blade elements, fuselage, horizontal stabilator, vertical fin,
and tail rotor). A Stability Augmentation System (SAS) is developed that resembles the
SAS of the UH-60A rotorcraft [18], as shown in Appendix A. The SAS functions provide
three-axis rate damping and lagged rate damping (pseudo attitude hold). The control
authority of each channel is limited to £10 percent of total control travel in pitch, roll,
and yaw. The simplified transfer functions for roll, pitch, and yaw channels are given
below, respectively,

Ot 206.754(s+1.5704) 0 278
lat — . 0,
5B (s) = 33165257534, 1545+ 5209001 Jo/ (deg/s)
307.462(s+1.1254)

lon — o,
o4 (8) = srarm00 208, 2384s+160 55 7ei1 7o/ (deg/s) (36)
ped (o) 4345613 o

v (8) = Zrasiaa001am 25+1 lo/ (deg/s)

where 675°, 675°, and ésa %, are the SAS control signals for roll, pitch, and yaw channels, and
p,q, and r are the roll, pltch, and yaw rates.

The incorporated turbulent wind model and flight dynamics model can be expressed as,
x = f(x,u,w,t) (37)

where x is the state vector of motion,

- (u 0, W0,p, 4,7, P,0,Y, ﬁl, ,32,[33, ﬁ4,,51,,32,!33/ﬁ4r 51/>

€2’ g?)/ §4/ gll €2/ €3/ €4/ Gdynr Gdyn/ 0i, U1¢cs U1y Vitrs Ux, Uy

where u,v, w, p, q,r are the linear VeIOC1ty components and angular rates of the fuselage.
d, O, Y are the Euler angles. :31 le, ,83, ,84 B1, B2, B3, B4 are the flapping angular rates and
angles of the four rigid blades. ¢; ¢», 63,64 61,62, 63, G4 are the lagging angular rates and

angles. 0y, édyn are the blade tip dynamic torsion angle and angular rate. vj, v1., V15 are
the main rotor induced velocities. vy is the tail rotor induced velocity. vy and vy are the
delayed fuselage downwash and sidewash components, respectively. u is a rotorcraft’s
four conventional controls,

T
u= (5col/ Jlats Slons fsped)

where J. is collective input, Jy,; is lateral cyclic stick input, dj,, is longitudinal cyclic
stick input, and Jpeq is pedal input. w is the turbulence disturbances on the aircraft
aerodynamic surfaces,

T
( ijr z]/ Wz ,j’ ufsr str Wfs/ uhs/ Vhs/ WhSI Uy, Vit, Wy, Ui, Vir, Wtr>

where U; ;, V; ;, W;; are the instantaneous wind components at the jth segment of, ith
blade of the main rotor, Uss, Vi, Wi are the instantaneous wind components at the fuse-
lage, Uy, Vhs, Whs are the instantaneous wind components at the horizontal stabilator,
Uyt, Vi, Wyt are the instantaneous wind components at the vertical fin, and Uy, Vi, Wy, are
the instantaneous wind components at the tail rotor.

The flight dynamics model has been validated by comparing the trim results and
frequency responses to cockpit controls against flight test data. More details about the
model validation can be found in Refs. [6-8,20].

3.2. Pilot Model

A pilot model is designed to control the flight dynamics model to perform maneuver-
ing flight in turbulent wind. The proposed pilot control strategy is presented in Figure 10,
consisting of a stabilization component, a trajectory tracking component, and a trajectory
planning component. The stabilization control component, modelled by the structural



Mathematics 2022, 10, 2093

16 of 26

pilot model from Hess’ research [21,22], is used in the inner loop to stabilize rotorcraft
attitudes and vertical acceleration. The attitude angles ®, ®, 8, angular rates p, g, 7, and the
vertical acceleration a, are used as input signals to produce the four conventional cockpit
controls dpat, Slon, Ocol, aNd Jped- The pilot model also tracks the desired attitudes ®y,04, B4,
and vertical acceleration a,q when performing maneuvering flight. The control efforts are
defined by the crossover frequencies of the pilot-vehicle open loop system in each control
channel. The crossover frequencies for all four control channels are 2 rad/s, which is a
representative value of high-gain pilot control activity derived from flight test data [21].

Turbulent wind

<€

S| Yaxa Oy Olat

5 = (5 (B

I3 &, g g

g | XV |2 04 = Olon | &

3 12 5 g

o Q a o o) g >
= [ ZdVzd | o zd J s col | &

: ] c :

=3 5 | Ba = | Oped 2,

°’° 2 1< &

v,z V, v, | p,qr P,0,06,a,

Figure 10. Control strategy for rotorcraft maneuver in turbulent wind.

The trajectory tracking component is to control a vehicle to track the desired trajectory.
The preview control law by Ji et al. [23] is employed to produce the desired attitudes
D4,04, B4, and vertical acceleration a,4

D4 = Ky [xa(t+ 1) — x(H)] +Kyey
@d = KV [Vd (t + Tp) — V(t” + Kxex
pa=0

4,4 = Ko, [Uzd(t + Tp) - vz(t)] + Kze;

(38)

where Ky, Ky, Ky, are the control gains to track the desired horizontal velocity V, course
angle x4, and vertical velocity v,q. V4 (t + Tp), xa (t + Tp), v,a (t + Tp) are the desired hori-
zontal velocity, course angle, and vertical velocity at the time point t + 7. V(t), x(t), z(t) are
the horizontal velocity, course angle, and vertical velocity at the current time ¢. Ky, Ky, K
are the control gains for position control. ey, ey, e, are the errors between desired and
corresponding position coordinates

ey cos¥ sinY Of /xc—x
ey | = |—sin? cos¥ O||yc—y (39)
€z 0 0 1 Zc—2Z

where x4, 14, zq are the desired position coordinates in the NED axes, x, y, z are the position
coordinates in the NED axes, and ¥ is the yaw attitude.

The pilot gains Ky, Ky, K;, are designed to obtain desired crossover frequencies for
control of horizontal speed, course angle, and vertical velocity. According to the guidance
for multi-loop pilot models [22,24], the crossover frequencies are chosen to be 0.67 rad /s,
1/3 of the inner-loop crossover frequencies. The control gains Ky, Ky, K are designed to
obtain desired crossover frequencies for longitudinal, lateral, and vertical position control,
and the associated crossover frequencies are 0.13 rad/s.

The trajectory planning component in Figure 10 functions as planning a desired
trajectory following a maneuvering task. An Approach-to-Hovering task is chosen herein
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for example to demonstrate the trajectory planning method. The flight path of this task
consists of three phases, as presented in Figure 11, where x;_1, z;_1 and x;, z; are the initial
and final position coordinates in the NED axes for the iy, flight phase, and - is the glide
angle. The first phase is a Level-to-Descent flight, starting with a steady level flight at
the time £y, followed by a steady descent flight at the time t; for a Decelerating-Approach
task [25] in the second flight phase. The initial altitude is 121.92 m (400 ft) for a medium-
height approach [26]. The flight speed remains constant at 51.45 m/s (100 knots) and the
final glide angle is 4 degrees to meet the requirements of the Decelerating-Approach task.
The final altitude is selected to 109.73 m (360 ft). The initial and final conditions are summed

as follows
VO = V1 = 51.45 m/s

v = 4 degrees

to=20

vy = Vo =5145m/s

v,0 =0

xXp = 0 (40)

vy = Vicosy =51.32m/s
v, = Visiny =359 m/s
z1 = —109.73 m

where Vp and V; are the initial and final flight speeds, vy, v;9 are the initial velocity
components in the NED axes, v,1, v, are the final velocity components in the NED axes. The
acceleration profiles are programmed using trigonometric functions to smoothly transition
from the initial condition to the final

ay = Axl Sil’l(Bxlt)
{LZZ =An SiI‘l(lei’) (41)

where A, and A, are the amplitudes and By; = B,; = 7t/ (t; — to) are the angular frequen-
cies. The following constraints are obtained by integrating the acceleration components
with respect to time to solve the parameters Ayj, A;1, t1, and x,

2A
Uyl = Ux0 + Bﬁl

2A
Uz1 = Uz + B;l
A
X1 = xo + (vxo T B—;) (t — to)

21 =20 + (Uzo + %11) (t1 —to)

(42)

| (%0, 20)
(X1,Zl)

Decelerating
t? Hoverin%

Level to
Descent

z(m)

X (m)

Figure 11. Flight path for Approach-to-Hovering task.
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The second phase is the Decelerating-Approach task defined in the ADS-33E [25].
It starts on a 4-degree glideslope at the speed of 51.45 m/s (100 knots), and then takes
a manual deceleration to 12.86 m/s (25 knots) at a height of 15.24 m (50 ft). The flight
condition at the time ¢, is summed as

V, =12.86 m/s

Uy = Vpcosy =12.83m/s

Uy = Vosiny =0.90m/s (43)
xp = x1 + (22 — z1) coty = 1572.39 m

zp = —1524 m

where V; is the flight speed, and vy, v are the velocity components in the NED axes. The
acceleration profiles are programmed by

Ay Sil’l(szt), t<t<ty

ay =< Ay, th <t <ty (44)
Axpsin(Byt), tn <t <t
a; = axtanvy

where A, is the amplitude and By, = 7/[2(ty; —t1)] is the angular frequency. The
following constraints are obtained by integrating the longitudinal acceleration with respect
to time to get the parameters A,y and tp,

) (45)

Ax
sz

{ vy = Ux1 + 2 + At

Xy = x1 + (20x1 + 3;(';2) Aty + (v,d + )Atz + JAnAB + At At
where Aty =ty — t] = t35 — top and Aty = tyy — t91.

The final phase is a Decelerating-to-Hovering task following the last phase and ending
up in a hovering state at the altitude of 9.14 m (30 ft)

U3 =0

03 =0

x3 = X3 + (z3 — z2) coty = 1790.25 m (46)
Z3 = —-9.14 m

where v,3 and v,3 are the velocity components in the NED axes. The acceleration profiles are

ay = Axzsin(Byst)
{ az; = Az sin(Byt) (47)

where A3, A3 are the amplitudes and the Bys = B,3 = 71/(f3 — tp) are the angular frequen-
cies. The following constraints are obtained by integrating the acceleration components
with respect to time to solve the parameters A,3, A3, and fp,

2A
Ux3 = Ux2 + Bés
2A.
Uz3 = Uz + BZ? (48)

z3 =22+ (Uzz + %;;) (ts — t2)

3.3. Validation of Simulation Model

A position-hold task in a turbulent wind environment was conducted to provide an
overview of the fidelity level for the UH-60 rotorcraft adopted in this paper by comparison
with flight test data. The flight test was conducted with the rotorcraft headed into the
leeward turbulence of a hangar with a speed of 11.6 m/s and at a height of 12.2 m [9]. Two
turbulence models were used to simulate the suburban turbulent wind environment for
comparison between the proposed turbulence model and the CETI model. The turbulence
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environment is set with Uyjg = 11.3 m/s, h = 12 m, and hy = 0.4 m for the proposed
turbulence model. The length of the turbulence field is 20 m, the width is 16.5 m, the
height is 5 m, and the girds are set with the interval of 0.5 m along with all three directions.
As a result, turbulence components are simulated at 41 x 34 x 11 grid nodes. As to the
CETI model, the wind speed and flight altitude are set as the same as above, the integral
scale length is 16.4 m, and the turbulence intensity is 1.37 m/s [9]. Both simulations were
conducted using a desktop computer with an Intel(R) Core(TM) 17-7700K 4.20 GHz CPU.

Figure 12 shows the comparison results of simulated pilot controls and rotorcraft
responses in turbulence against the flight test data. Only roll, pitch, yaw, and heave rate
responses are compared due to the availability of flight test data. It can be observed that
both simulated pilot controls and rotorcraft responses agree well among the flight test
data and the two different turbulence models. The computational cost, defined as the
ratio between the CPU time used for simulation and the simulation time, is 54.04% for the
proposed turbulence model and 4.59% for the CETI model. Although the CETI model is
much more efficient, it is not feasible for simulations with varied flight altitude and speed.
The advantage of the proposed turbulence model is suitable for real-time simulation of
rotorcraft maneuvering flight in turbulence.
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Figure 12. Comparison of simulated pilot controls and rotorcraft responses in turbulence against
flight test data. (a) Pilot controls; (b) Rotorcraft responses.

4. Investigation of Rotorcraft Maneuvering Flight in Turbulence

The Approach-to-Hovering task now is simulated in the turbulent wind environment
to investigate the effect of varied flight conditions on piloted Handling Qualities Rating
(HQR) for rejection of atmospheric turbulence. The flight trajectory and pilot model are set
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following the procedures in Section 3.2. Three wind conditions are considered as shown
in Table 1. The first case represents a light wind condition with a low level of turbulence
over a relatively smooth terrain [27], the second case is a strong wind condition with strong
turbulence due to the increased wind speed over a smooth terrain, and the third case is
a light wind condition with strong turbulence due to the rough terrain. The winds are
all from North and the same intermediate height is used for determination of the integral
length scales of turbulence. The moving spatial turbulence model is set with the same
geometry and grids as the preceding section.

Table 1. Simulated wind conditions.

No. Uyo(m/s) hy(m) pw(deg) Iy (m)
1 8 0.1 0 60
2 15 0.1 0 60
3 8 1.0 0 60

The piloted HQR is measured by calculating the control attack parameter, which is
defined as the ratio of the peak rate of control displacement (ﬁpk) to the magnitude of the
change in the control displacement (Ay) [28]

Mok

A7 (49)

Ay =
High attack values indicate small and rapid control deflections while a low value
indicates large and slow control deflections. Using the control attack concept, the attack
activity rate (A, r) metric defined in [29] is adopted to characterize the pilot control activity.
The metric is defined as the ratio of the total number of A that the pilot applies a particular
control (>a threshold value) to the period of the task. The threshold value in this paper is
selected as 2.5% of the full control range to capture “productive’ control inputs accounting
for guidance and stabilization control activity [30]. The control activity rate (A;r) indicates
the average ‘busyness’ metric of the task, but it masks local peaks in pilot control activity.
However, pilots assign the level of HQR based on the most challenging phase of a task
rather than the average. To identify the phase(s) within the task where a pilot is working
hardest, Memon et al. [30] extended the metric to a time-varying localized attack activity
rate (Af7 r)- The method includes the formulation of a control segmentation approach using
a moving 5-s window with 2.5-s overlap between windows

(50)

where W; is the window size and Af] n(t) is the total number of A, during a time segment
of W; seconds around the time f. Furthermore, a combined time-varying attack activity rate
(Af] rc) is developed to correlate subjective pilot assessments. It is defined as the weighted

sum of all controls’ A; g With the corresponding fraction of the total control attacks Af7 NTot
in that axis

t
ped At A nNi 51
Zz lat 77R1At ot (51)

where i corresponds to the four control channels (lateral, longitudinal, collective, and
pedal), and A; NTor 18 the time-varying total attack number in all four control channels

ped At
AUNTot = Yoot AyNi (52)

The flight test results indicated that the Af7 rc boundary for Level 1 HQR was 0.7 Hz
and for Level 2 was 2.3 Hz, but the boundaries from ground simulators were 0.6 Hz for
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Level 1 and 1.3 Hz for Level 2 [30]. This paper selects the intermediate values of 0.65 Hz
for Level 1 HQR and 1.8 Hz for Level 2.

Figures 13 and 14 present the time profiles of desired velocities and wind conditions.
The task is performed with the flight speed decelerating from 52 m/s to zero. The flight
altitude reduces from 122 m to 9 m, resulting in decreased wind speed and increased
turbulence intensities. Compared with Case 1, the rotorcraft experiences stronger wind
speed and turbulence in Case 2 and similar wind speed but stronger turbulence in Case 3.

60 . . . :

() 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

t(s)

Figure 13. Time profiles of desired velocities of aircraft.
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Figure 14. Time profiles of wind speed and vertical turbulence intensity.

Figure 15 shows the time profiles of pilot controls for the Case 1 wind condition
with SAS off, where the operation between adjacent control peaks marked with the sign
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‘+” represents one attack. It is observed that the pilot lowers down the collective lever
and pulls back the cyclic stick to initiate deceleration at 6.6 s. The pilot applies the most
aggressive controls in the longitudinal and vertical channels during 10-20 s, which is the
most severely affected moment by turbulence, indicated by the densest control peaks. Then,
the number of control peaks decreases with the decreased aircraft and wind speeds.
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t(s) t(s)
Figure 15. Time profiles of pilot controls for Case 1 with SAS off.

The time-varying attack activity rates (At,7 ) for four control channels were estimated
by Equation (50) and are presented in Figure 16. A total of 100 simulation runs were
conducted for the case to enhance the trend pattern of Afy r with the averages of Afi r for
each control channel. The results show that the piloted HQR reaches the worst during
10-20 s, consistent with the most aggressive pilot controls in the same period shown in
Figure 15. After then, the pilot control activity in each channel decreases with the decreased
flight speed as shown in Figure 13, which is in accordance with the rotorcraft response
characteristics to turbulence with flight speed [1,6]. Finally, it seems that the pilot has the
least control activity in the collective channel due to the vertical motion of the rotorcraft
being least affected by turbulence.

20 ‘ , - I“ I = = One simulation 20 Y I I I
4 \ — 100 simulation average | | ! '

t(s) t(s)

Figure 16. Time-varying attack activity rates in four control channels for Case 1 with SAS off.

Figure 17 shows a full view of piloted HQRs in three wind conditions with SAS
off, measured by the time-varying combined attack activity rates (Af7 rc)- The results are
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averages from 100 simulation runs. It shows that the piloted HQR presents a similar
tendency for three wind conditions. However, Case 1 presents the best HQR, Case 2 the
worst due to stronger turbulence and larger airspeed resulting from larger wind speed, and

Case 3 secondary due to stronger turbulence.
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Figure 17. Time-varying combined attack activity rates with SAS off.

Figure 18 shows the A; rc Values with SAS on. Compared with those in Figure 17 with
SAS off, the piloted HQR is significantly improved by the SAS throughout the flight.
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Figure 18. Time-varying combined attack activity rates with SAS on.

5. Discussion

50

60 70

80

The above comparison results between theoretical prediction and simulation have
demonstrated that the moving spatial turbulence model takes the spatial autocorrelation
characteristics of turbulence components in all three directions. The comparison of tur-
bulence spectra at fuselage indicates that the proposed model can produce turbulence
components with desired spectral characteristics in the frequency range of interest for any
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point in the turbulence field. The good match in both pilot controls and rotorcraft responses
to turbulence between simulation and flight test data proves that the turbulence model,
not only on its own but also when integrated with the flight dynamics and pilot models,
reaches a high level of predictability. Moreover, the proposed model only produces a local
spatial turbulence field using highly efficient recursive algorithms, and it is suitable for
simulation of rotorcraft maneuvering with varied flight speed and altitude.

An Approach-to-Hovering task was taken as an example to investigate the effect of
varied flight speed and altitude on rotorcraft maneuvering in turbulence. The time profiles
of pilot controls and time-varying attack activity rates in four control channels for Case 1
with SAS off indicated that the pilot operations were more susceptive to turbulence, and
the pilot control activity was severely increased when performing aggressive controls. The
comparison results using the time-varying combined attack activity rates for different
wind conditions and rotorcraft configurations revealed that the turbulence model, being
integrated into the simulation environment, predicted the expected effect of varied flight
speed, wind speed, turbulence intensity, and SAS on piloted HOR for rotorcraft flight in
turbulence. The turbulence model thus is applicable for rotorcraft maneuvering flight in
turbulence with varied flight and wind conditions.

Continuing work will extend application of the proposed turbulence model to model-
ing complex turbulent wind environments, such as turbulence in a microburst or above a
complex terrain.

6. Conclusions

This paper developed a moving spatial turbulence model to explore the effect of varied
flight speed and turbulence intensity on piloted handling qualities and performance in a
synthetic simulation environment. The Approach-to-Hovering task was simulated, and the
pilot-assigned HQRs were analyzed using attack metrics. The following conclusions can
be drawn:

(1) The developed moving spatial turbulence model can produce a local turbulence field
in which any point shows the desired spectral characteristics in the frequency range.

(2) The turbulence model has been validated in a synthetic simulation environment,
being integrated with a flight dynamics model and a pilot model. The results show
that the model can accurately capture the frequency characteristics of pilot controls
and rotorcraft responses to turbulence.

(3) The simulation results indicate that pilot control activities are susceptive to the level
of turbulence and the HQRs severely deteriorate when the maneuver is more ag-
gressive. The results further have predicted the expected effect of varied flight
speed, wind speed, turbulence intensity, and SAS on piloted handling qualities and
control performance.
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Appendix A. Digital SAS of UH-60A Rotorcraft
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Figure A1l. Digital SAS of the UH-60A rotorcraft reproduced from [18]. (a) Roll channel; (b) Pitch
channel; (¢) Yaw channel.
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