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This study presents the unified high-fidelity flight dynamic modeling technique for compound aircraft. The existing flight dynamic
modeling technique is absolutely depended on the experimental data measured by wind tunnel. It means that the existing flight
dynamic model cannot be used for analyzing a new configuration aircraft. The flight dynamic modeling has to be implemented
when a performance analysis has to be performed for new type aircraft. This technique is not effective for analyzing the
performance of the new configuration aircraft because the shapes of compound aircraft are very various. The unified high-
fidelity flight dynamic modeling technique is developed in this study to overcome the limitation of the existing modeling
technique. First, the unified rotor and wing models are developed to calculate the aerodynamic forces generated by rotors and
wings. The revolutions per minute (RPM) and pitch change with rotation direction are addressed by rotor models. The unified
wing model calculates the induced velocity by using the vortex lattice method (VLM) and the Biot-Savart law. The aerodynamic
forces and moments for wings and rotors are computed by strip theory in each model. Second, the performance analysis such as
propeller performance and trim for compound aircraft is implemented to check the accuracy between the proposed modeling
technique and the helicopter trim, linearization, and simulation (HETLAS) program which is validated. It is judged that this

study raises the efficiency of aircraft performance analysis and the airworthiness evaluation.

1. Introduction

Unmanned aerial vehicles (UAVs) are used for various pur-
poses in military and civilian applications owing to their
enormous advantages such as wide range of operational mis-
sions and flight altitudes [1]. It is necessary to develop a suit-
able configuration for the operational purpose and accurately
analyze the flight performance as the demand for UAVs in
the aviation industry. Today, the various maneuvers such as
hovering, low-speed flight, and high-speed flight are simulta-
neously required to UAVs. However, the fixed-wing aircrafts
cannot easily perform hovering and low-speed flight mission.
Moreover, the rotorcrafts cannot implement the high-speed
flight mission due to the problem of compressibility and flow
separation in the rotor. For this reason, many aircraft manu-

facturers and researchers have proposed the compound
UAVs. They conducted performance analysis and verifica-
tion for compound UAVs. The most famous configurations
are the vertical/short takeoft and landing (V/STOL) wheel
[2]. Figure 1 shows the V/STOL aircraft and propulsion
concepts.

Basset et al. [3] tried to define the five categories of rotor-
craft shapes as shown in Figure 2. The categories mean that
all of compound aircraft can be represented by combinations
of rotating components such as rotors, propellers, and fixed
components such as wings and engines. Thus, the flight
dynamic modeling techniques are the most important sec-
tion when the designer is developing the compound aircraft.

The traditional modeling techniques are considerably
depending on the wind tunnel data [4, 5]. This method is
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FiGURE 1: V/STOL wheel [2].
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FIGURE 2: Five categories of rotorcrafts [3].

not efficiency because the experimental using wind tunnel
has to be perform for each aircraft. It is the limitation to
develop the aircraft system since the development cost and
period are highly raised. Also, it is difficult to modify the flight
dynamic model (FDM) according to the purpose of analysis or
to add functions since the most FDM is distributed as com-
mercial program [6]. The flight dynamic modeling techniques
have been developed by several researchers to overcome this
disadvantage. Kim et al. [7] studied the aerodynamic and iner-
tial modeling of propeller. Cook et al. [4] and Etkins et al. [5]
researched the flight dynamic principle. (1) Cook MV and
Etkins used the traditional modeling techniques using wind
tunnel data. Leishman et al. [8] tried to develop the mathemat-
ical helicopter aerodynamic model. Chaffin et al. [9] defined

the guide of the use for pressure disk rotor model. Taamallah
et al. [10] studied the flight dynamic modeling for a small-
scale helicopter UAV. Howlett et al. [11] developed the black
hawk engineering simulation program using mathematical
model. Pearson et al. [12] researched the aerodynamic charac-
teristics of tapered wings. Talbot et al. [13] studied the mathe-
matical model for single main rotor helicopter. The
researchers in Ref [8-13] had tried to develop the mathemat-
ical modeling technique for helicopter. However, (2) these
researches can be used for certain aircraft. If the configurations
of aircraft are changed, the flight dynamic modeling procedure
has to be newly started. This is the limitation for developing
compound aircraft because it is difficult to develop the flight
dynamic model for each compound aircraft. It raises the devel-
opment cost and period. So, most companies designing the
aircraft system cannot try to develop the compound aircraft.
(3) Therefore, the flight dynamic modeling technique has to
be developed to easily express the characteristics of all type
compound aircraft.

The contribution of this studied is the development of
unified flight dynamic modeling technique to overcome the
disadvantages of existing modeling techniques and to easily
improve the fidelity of FDM while responding to changes in
aircraft geometry. Especially, a unified rotor and wing models
are developed to selectively calculate the aerodynamic forces
of the rotors with wings and to analyze the flight perfor-
mance of any aircraft without modifying the mathematical
model. This technique can easily modify and add the rotor
or wing models according to the analysis purpose.

The rest of this paper is organized as follows. Section 2
introduces the unified aerodynamic component modeling
technique, and Section 3 deals with the application to validate
the accuracy of proposed modeling method by comparing
with the HETLAS program. Section 4 is the conclusion of this
research.
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FIGURE 3: Component-based modeling technique.

TABLE 1: Classification of various rotors.

Rotor type Mounting position and orientation Available dynamics Control mechanism
Conventional main -Top/center of fuselage
-Vertical (reference) with small FWD Flap/lag/RPM Collective and 2 cyclic pitches

rotor

tilt angle

-Rear fuselage
-+90 deg sideward tilt with small cant
angle

Conventional tail
rotor

-Top/center of fuselage
-Vertical with small FWD tilt angle

-Rear fuselage
-+90 deg sideward tilt with small cant
angle

Teetering main rotor

Teetering tail rotor

-Top/center of fuselage
-Vertical with small FWD tilt angle

-Front (tractor) or rear (pusher) of

ABC rotor (coaxial)

Propeller fuselage
-+90 deg FWD tilt angle
Ducted fan -Design dependent

Flap/RPM (MR

Collective (pedal)

dependent)
Flap Collective and 2 cyclic pitches
Flap Collective (pedal)
No Collective and 2 cyclic pitches with differential
collective
No Collective or RPM
No Collective (thrust vectoring)

2. Unified Aerodynamic Component
Modeling Technique

This section describes the unified aerodynamic component
modeling techniques for FDM. The traditional flight
dynamic modeling techniques have used the wind tunnel test
data as mentioned in introduction. Its method allows to build
the high-fidelity FDM. However, if the configurations of air-
craft are changed, the FDM developed by the traditional
modeling technique cannot be used for new aircraft. Thus,

this paper uses the unified component-based modeling tech-
nique as shown in Figure 3. This technique builds each com-
ponent model such as rotor, wing, fuselage, propeller, and
duct after modeling the aerodynamic forces and moments.
The FDM of all type configurations for compound aircraft
can be easily developed, and the flight dynamics analysis is
rapidly implemented. The main component model generat-
ing aerodynamic forces and moments is the rotors and wings.
Therefore, the aerodynamic modeling techniques of rotors
and wings are developed in this section.
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FIGURE 6: General information for rotor dynamics with rigid blade.

TABLE 2: Variables for rotor dynamics (variables for blade motions).

Variable Description

Ip Precone offset distance from hub frame

lg Presweep offset distance from precone

Ip Flap offset distance from presweep

I Lead-lag offset distance from flap hinge

Iy Feathering offset distance from lead-lag hinge
ex Unit vector of X-direction

ey Unit vector of Y-direction

e, Unit vector of Z-direction

) Distance between feathering hinge to blade section
0] Rotational speed of rotor

0 Feathering angle

¢ Lagging angle

B Flapping angle

depending on whether they produce the thrust or propulsive
forces. The mathematical aerodynamic model of the rotors
can be expressed by the blade element method (BEM). How-
ever, there are differences between a rotor and a propeller in
terms of the mounting position, orientation, and rotor
dynamics such as flapping motion. Therefore, various shapes
of the rotor and propeller are classified according to the
mounting position, orientation, rotor dynamics, and control
mechanism as presented in Table 1.

Table 1 presents some standardized rotor types. The ref-
erence position and direction should be selected to indicate
the mounting position and direction of the rotor using the
unified rotor model. The aerodynamic forces and moments
can be expressed on the body coordinate because all the
forces and moments of the aircraft act on the center of gravity
(CG). Therefore, the mounting position of the rotor is
expressed using the relative distance vector from the CG of
the aircraft.

2.1.1. Mounting Position and Orientation. The main rotor of
a conventional helicopter is located at the top center of the
aircraft and mounted perpendicular to the fuselage or with
small forward tilt angles. The tail rotor is generally located
on the rear of the aircraft and mounted vertically on the lat-
eral axis. The propeller is mounted on the front (tractor type)
or the rear (pusher type) perpendicular to the axis of the fuse-
lage. Here, the azimuth changes for main rotor (MR), propel-
ler, and tail rotor (TR) are expressed as shown in Figure 4.
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F1GURE 7: The coordinate system for the helicopter and blade elements.

TaBLE 3: Variables for rotor dynamics.

Variable Description

my, Blade section mass

gs! Gravitational acceleration at aircraft CG

d;,d; Relative position vector from flap hinge to the blade section (AC, CG)

d,.d; Relative position vector from lead-lag hinge to the blade section (AC, CG)

dy, dg Relative position vector from rotating hub frame to blade section (AC, CG)

Cip Gt Damping ratio due to hinge damper

Ky, Ky Spring constant due to equivalent hinge spring

N, Number of blades

Ipgy The equivalent moment of inertia due to gear box, e.ngine,.etc. except the contri.bution due to rotor blade and hinges which is
included in the integral part of equation.

QEngine Engine torque transferred to rotor to overcome main rotor torque

. - - attachment
Starboard side I

7 lEuselage line

FIGURE 10: Wing attachment.

F1GURE 8: General information for generating aerodynamic forces
with induced drag. The mounting angles are defined to represent the mount-
ing orientation, namely, the starboard side tilt angle Op;y,,

which rotates in the CCW direction on the x-axis, the for-
ward tilt angle 0y, p, which rotates in the CCW (counter
clockwise) direction on the y-axis, and finally, the azimuth
rotation angle 0,,,,, which rotates in the CCW direction
on the z-axis. The passive transformation (alias transforma-
tion) of the coordinate system applied to the individual rotor
is defined as given in Equation (1) for each axis. The matrices
FIGURE 9: Wing orientation. L,,L,,L; are the transformation matrices around x-, y-, and
z-axis, respectively.

Starboard side

-~ Fuselage line
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FIGURE 11: Wing orientation of the Oy, in the X-Y-Z coordinate.

1 0 0
Li(x)=]10 cosx sinx |,
0 -sinx cosx
cosy 0 -siny
L= o 1 o | (1)
siny 0 cosy
cosz sinz 0

Ly(z)=] —sinz cosz 0

0 0 1

The reference for the mounting orientation is the orienta-
tion of the conventional main rotor. The coordinate transfor-
mation matrix from CG to the rotor hub Ly is defined as
given in Equation (2).

Lyc=L; (eRight)LZ(T[ = Opwp) L3 (Oazim)- (2)

Various rotor orientations can be expressed using this
transformation matrix. For instance, the conventional main
rotor is represented as  (Origne> Opwp> Oaziv) = (0,0,0),
whereas the pusher propeller and tail rotor mounted on the
starboard side are expressed as (Oighi> Opwp» Oaziv) = (—77/2

,0,0) and (Origne Orwp> Oaziv) = (0,7/2,0) as shown in
Figure 4, respectively.

2.1.2. Rotor Dynamics. The rotor and the propeller are sepa-
rated based on the rotor dynamics. The rotor dynamics is not
applied when the propeller and ABC (advanced blade con-
cept) rotor developed by Sikorsky are used [14]. Figures 5
and 6 show the general information for rotor dynamics.
The unified rotor dynamics can select the rotor dynamics
for each rotor. Table 2 is the descriptions for variables of
rotor dynamics. The aerodynamic forces and moments of
the blade elements are calculated using BEM. The aerody-
namic coefficients corresponding to the angle of attack
(AOA) and Mach number of the blade elements are esti-
mated from the nonlinear aerodynamic coeflicient table con-
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structed in C81 form using the table lookup method. A uni-
form inflow model or pitt-peter (dynamic inflow) models is
selectively applied to the rotor inflow model as depending

on the rotor type, analysis efficiency, and various applications
[15].

The kinematics at a blade element has to be defined to
express the rotor dynamics. The coordinate of the rotorcraft
is defined as shown in Figure 7, and the basic velocity, accel-
eration, and angular velocity are expressed as Eqs. (3) and
(4). The superscript CI is used to define the vectors at the
rotorcraft CG relative to the center of the inertial reference
frame, whereas the subscript represents the frame (C for
CG-fixed frame) used to define vector components. For
instance, the vector wg! is the angular velocity of the CG-
fixed frame relative to inertia frame, which is expressed on
the CG-fixed frame. Figure 7 shows the front view of the
rotor fixed nonrotating coordinates (xy;, y;,zy) with rota-
tional speed Q2 in the CW direction.

u u—rv+qw
CI _ CI <CI _ CI .
IG=ve=|v |, i =ag=|v-pw+ru|, (3)
w w—qu+pv
p p 0 -r ¢
I _ CI_ | . Cly, _~CI_
e = q »We = q > We X =Wwo = r 0 —p
r r -qg p O

(4)

The linear velocity and acceleration at the rotor center
can be expressed by using the definition of the rotorcraft’s
CG position r&! and the center of the rotor rZ as shown in
Equation (5). The subscript R in Equation (5) means the
rotating hub frame of rotor.

LRI _ .CI - CI_HC
rﬁ =Lpctc +LRCwCrIg )

<RI «CI ~Cl | ~cr~cr\ _Hc
iy = Lycic +LRC<wC +@c¢ “’c)rg - (5)
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FIGURE 19: General airfoil configuration.
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FIGURE 20: Upside-down airfoil configuration.
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FiGURE 21: Concept of the vortex lattice method [16].

FIGURE 22: The relationship between the vortex filament and the
control point based on biot-sarvart law [16].

The equations of the rotor dynamics have to reflect the
order of the hinge changes, adding, and subtraction. It means
that the rotor dynamics cannot be expressed by one formula
without constraints. This study utilizes the generalized vector
kinematics [7]. The generalized vector kinematics is derived
by relative motion from several coordinate systems as shown
in Figure 7. Also, the generalized vector kinematics is utilized
to derive the implicit formulation of the rotor motion equa-
tions. It can be applied regardless of the shape and arrange-
ment order of various types of rotor. The accuracy of the
derived rotor motion equation can be easily verified. The lin-
ear velocity and acceleration are described at the lead-lag
hinge because the feathering motion is not applied to rotor
dynamics in this study. Moreover, the lead-lag hinge is the
outer most hinge as shown in Figure 5. It is decided to denote
the variables related in feathering motion in Equations (6)
and (7) for convenience. The linear velocity and acceleration
at the lead-lag hinge for blade section can be expressed as
Equations (6) and (7), respectively, where the subscripts L
and T mean the lead-lag hinge and the blade section frame,
respectively. Furthermore, the linear velocity and
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F1GURE 23: Concept of strip theory [16].

acceleration are defined on CG and AC of the blade section to
reflect the rotor dynamics and to calculate the aerodynamic
forces, respectively.

I.'LTI = LLRI.'IEI + LLR("ﬁlLRL
AUpLig + ILpp + Iy + [ Ly g + 1 )ex }
| =BLisEyLg (I Ly p + 14 )ex — oCL; pE;Ly; L ey

~RI ;
L r@p Ly, — BLigE Ly (6)
+

~oCL,; ;E;Ly; +0OE,

- (rpLpaex —oysLirey — ZALLTeZ)] >

il =Lt +Lig (‘L"il + &ﬁ%?) Ly (IpLpg + IsLyp + IpLyg)ex
+ {LLR (‘L"ﬁl + a’gla’gl)LRL +Lg (_BI + BzEz) E)Lg
+L, (—aZI + 62E3) Ly E, + 20 (L, E, Ly E
+ 1, @8N0, (—2BLLSE2LSL - 206133) }rBeX.
(7)

The velocity /" is composed by three parts such as linear
velocity, angular velocity from lead-lag hinge, and effect of
the angular rate from lead-lag hinge to the blade section.
Although the acceleration as Equation (7) can be derived by
using similar way to define Equation (6), the only difference
between Equation (7) and Equation (6) is that Equation (6)
considers the sweep length y¢ and an hedral length z,. The
variable o denotes the rotating direction which is CW rota-
tion (0 = —1) and CCW rotation (o = 1).

The flap, lead-lag, and RPM dynamics associated with
rotor motion are defined as Equations (8)-(10), respectively.
Each dynamics can be selectively used by rotor type. If the
rotor type is defined as the propeller, the rotor motion does
not apply as noticed in Table 1, whereas if the general rotor
is selected, the rotor motion is used. Moreover, the relative
angles such as flapping angles are computed with each rotor
motion. The flapping motion occurs of the y-axis associated
with rotating rotor hub frame because of the flap hinge.
The unit vector of y-axis and z-axis on rotor hub frame is
defined as e, and e, respectively. The lead-lag and RPM

a=tan"! (|V,/V,]), where V,>0,V, >0

FiGure 24: AOA with V>0,V , >0.

a=-tan"1 (|V,/V]), where V>0, V, <0

FiGure 25: AOA with V>0,V , <0.

a =mn/2+tan"! (|V,/V]), where V<0, V, >0

FiGure 26: AOA with V. <0,V, >0.

o = -m/2+tan"! (|V,/V,]), where V. <0, V, <0

FiGure 27: AOA with V. <0,V, <0.

dynamics move on the z-axis as the same principle of flap-
ping motion. The flapping motion and RPM dynamics are
needed to consider rotating direction additionally. The
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RPM dynamics does not consider the damping ratio and
spring constant because the rotor shaft linked directly to
the gear box and engine. So, the inertia forces in Equation
(10) are divided as two forces generated by acceleration at

the blade section and shaft Iz, €2, respectively. The variables
which use in the following equations are listed in Table 3.

JmBaF X (LFL'I:ZI - LchgI) ~eydry - C/’;/3 - Kﬁﬁ
(8)

Sec Sec

= J(LFLdMAe“’ +dp x Ly dFeT) - ey,

o J mpd; x (i' -~ L cgd") - e dry — Céé -K

9)
Sec Sec

=0 J(dMAe“’ +d; x dBS°) ey,

Nb
Z U{J mpdpy X (LRLi:{I - LRngI) : eZdrB} +1ppy Q2
J=1

N
= z G{J(LRLdMéeecro +dg x LRLdF?eego) : ez} + Qgngine-
=1

(10)

The aerodynamic forces dFs<™ and moments dM4™ for
the unit section on the blade have to be calculated to compute
the flap, lead-lag, and RPM dynamics. Figure 8 shows the
general information for generating aerodynamic forces with
induced drag at the blade section. The aerodynamic forces

generated by blade section can be defined as Equation (11).

dR odM
o(~dL sin ¢ —dD cos ¢) |,dM;" = 0 |,
dL cos ¢ — dD sin ¢ 0
(11)

(/)ztan_l(g—};),ocze—(pze—tan_l(g—};), (12)

where dR, dL, dD, and dM are the spanwise axial forces,
lift, drag, and moment on the unit section for blade,respec-
tively, to calculate the aerodynamic forces. These four vari-
ables are expressed as Equation (13).

dFLAero _

1 1
L= ECLp(UZT + U3)cdry, dD = ECDP(UZT + Up)cdrg,

1 1
dR= ECRP(UZT + Up)cdry, dM = ECDp(UZT +Up)dry.
(13)

Here, c is the distance of the camber for blade. C,, C,,
and Cy are the aerodynamic coefficients for lift, drag, and
spanwise axial force, respectively. The coefficients are esti-
mated using C81 tables by table-lookup technique. Espe-
cially, the table-lookup technique can change the
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TaBLE 4: The specification associated with wing model.

Variable Description
Airfoil NACA23012
t/c 0.12
Courface 0-2¢qirfo01
q 0.1080 (/deg)

« 6.1879 (/rad)
AOA 0 (deg)
Reynolds number 8.0 x 10°
Deflection of control surface 0.0 < Ogyrace < 30.0 (deg)

coefficients when the blade has the conversion section. The
velocity component to generate the aerodynamic forces and
moment can be defined as follow.

UR VLX
Ur | = [ Vi | =¥l v v =vie. (1)
UP VLZ

v}, v, and vi" mentioned in Equation (14) are i}, tur-

bulence, and induced inflow, respectively.

2.2. Unified Wing Modeling: Geometry. The wings have vari-
ous shapes and are usually attached to the center of the fuse-
lage for aircraft. The wings are classified by mounted position
and purpose of control surface to construct a unified wing
model that can reflect all characteristics of the wings.

A typical fixed wing aircraft is equipped with five wings
such as the left and right main wings, the left and right hor-
izontal stabilizers, and the vertical stabilizer. However, a
compound rotorcraft can be made with wings at various
angles and positions. This is the reason why the unified wing
modeling technique has to be developed. The unified wing
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FIGURE 29: The structure of the HETLAS program [18].

model is capable of reflecting various wing shapes and posi-
tions. The mounting angle is based on the starboard side
wing, and the wing coordinate is the same as the body coor-
dinate of the aircraft. Three different angles are defined to
represent the wing mounting angles such as elevation angle
Opjey> attachment angle 6,4, and rotation angle Oy,. Op.,
rotates in the CW direction of the x-axis, and 0,4, rotates
in the CCW direction of the y-axis. Finally, Oy, rotates in
the CW direction of the z-axis. The x -, y-, and z-axis coordi-
nate rotation matrices (active transformation matrix) defined
in Equation (1) are applied for the rotation of the wing. Thus,
the wing coordinate rotation matrix Lyg using Equation
(1) is defined as given in Equation (15).

Lywing = L1 (Opiev ) L (O attach ) L3 (Oror)- (15)

The unified wing model can handle the angle of elevation,
attachment, and rotation angle for wing. The elevation angle
Opey and the attachment angle 0,,,,, 4, for wing can be defined
as shown in Figures 9 and 10. The fuselage line and the star-
board side of the wing are the standard line to define each
angle. Figures 11-14 show the results of wing orientation
for elevation angle 0p,,. The blue color expresses the port
wing, and the red color means the starboard wing in
Figures 11-14. Figure 11 shows the wing orientations on
the X-Y-Z coordinate when the elevation angle for starboard
side wing and port side wing are defined as 45 (deg) and 0
(deg), respectively. Moreover, the attachment angles are
same as 0 (deg) for port side and starboard side.
Figures 12-14 are expressing the wing orientation results
on the X-Y, Y-Z, and X-Z coordinate, respectively. This is
the very useful function to make the geometry for various
compound aircraft.

Figures 15-18 show the wing geometry when the attach-
ment angles of starboard side and port side wing are defined
as 45 (deg) and 0 (deg). The difference between the starboard
side and the port side is expressed on the X-Y-Z coordinate
in Figure 15. The attachment angles for each wing can be

TaBLE 5: The configuration data for reference helicopter [19].

Configurations Data
Length 19.0 (m)
Rotor diameter 15.8 (m)
Height 4.5 (m)
Maximum takeoff weight 8,709 (kg)
Engine 1,855 x 2 (SHP)
Maximum cruise speed 279 (km/h)

F1GURE 30: The shape of the reference helicopter [19].

TaBLE 6: The configuration data for the BO-105 helicopter [20].

Configurations Data
Length 11.8 (m)
Rotor diameter 9.8 (m)
Height 3.0 (m)
Maximum takeoff weight 2,500 (kg)
Engine 420 x 2 (SHP)
Maximum cruise speed 268 (km/h)
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FIGURE 31: The shape of the BO-105 helicopter [20].

independently defined. Thus, the unified wing model can
express all type geometries for compound aircraft.

Finally, the unified wing model considers the upside-
down configuration of airfoil. This configuration is mostly
applied to horizontal stabilizer. The horizontal stabilizer is
attached to generate a positive pitching moment. It is the
same as when the direction of the normal vector of the
airfoil is reversed. Figures 19 and 20 show the normal vec-
tor u, and tangential vector u, on the X-Z airfoil
coordinate.

u,, and u, on the wing coordinate as shown in Figures 9
and 10 can be defined as Equation (16), where e,, e , e, are

)/)
unit vectors of each axis on the wing model.

€08 O 0 —sin O, 0
u, =L, = 0 1 0 0

Sin Oy 0 €08 Oy 1
sin O,

= 0 > uc = Ltwistex
cos 0,

twist ' ( 1 6)

08 Oyie 0 —sin Oy

= 0 1 0 0
sin Gtwist 0 cos 6twist 0
cos Qtwist

= 0
—sin 6

twist

The upside-down airfoil
tion of normal vector u,, as

configuration changes a direc-
shown in Equation (17). The

aerodynamic forces and moments can be easily computed

by Equation (17).

W, upside_down = L2 (m)u,
-1 0 0 sin O,
=10 1 0 0
0 0 -1 €08 O, (17)
—sin Oy
= 0
—cos 0

twist

2.3. Unified Wing Modeling: Aerodynamic Forces and

Moments. The important var

iable is a wind velocity to com-

pute the lift and drag for main wing, horizontal, and vertical
stabilizer. The wind velocity is defined by true air speed and

induces velocity. This study

calculates the induced velocity

to enhance the fidelity of the wing model. VLM is used to
compute the induced velocity. Figure 21 expresses the con-
cept of the vertex lattice method.

The horse shoe vortex and the control point P are applied

to each lattice. A number

of lattice can be defined by

designer. The control point P is located on the 50% point of

spanwise direction and the

75% point of chord direction,

respectively. The induced velocities of each lattice on the
main wing and fin stabilizer are calculated by Biot-Savart
law as shown in Figure 22. The Biot-Savart law is expressed

to Equation (18).
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_ I'dlxr T dlx(rp-r,)
Sl R e
s dlx (rp—r,)

c 3
471y /12 + h? [rp — x|

F means an origin point of the body coordinate. r, and
r, are a distance vector from the origin point of the body
coordinate to control point of each lattice and to unit vortex
filament dl, respectively. r, is a core radius for vortex fila-
ment, and  is a perpendicular distance from vertex filament
to control point P. If the number of lattice is increased, the
number of control point is expended. The lift of each lattice
can be computed by Equation (19).

dVind(rP)
(18)

L=pVrI,, (19)

where p and V are the density of air and the true air
speed, respectively. I'. is the vortex strength. Kutta-

Joukowski theory as shown in Equation (20) is used to com-
pute I'..

1
I.= ECLVs. (20)

C, and s are the lift coefficient and the area of unit sec-
tion. Finally, the velocity V has to be computed, and it is a
[IVacll- Ve is a velocity vector that the Y-component is zero.
The velocity vector is calculated after computing v,. v, is a
velocity vector including the Y-component on each lattice.
The subscript of v, is a number of lattice in the main wing
and fin stabilizer. v, is defined as Equation (21).

(21)

I, ~CI.PC
Vi =VE @I+ Ving g
where v is a true air speed vector associated with CG,
and ¢ is a angular velocity vector of aircraft. rEC is a dis-
tance vector between the CG of aircraft and the control point
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c/4line

FIGURE 34: Configuration of tapered wing without control surface.

P of each lattice. v; 4 is a induced velocity vector of each lat-
tice.

Vie=Vi— (vi-e,)e, =V, +V, =Vu +V,u, (22)
e, is defined as shown in Equation (23).
e,=—(u xu,). (23)

The calculated aerodynamic forces and moments for
each lattice have to be expressed on the body coordinate. This

study use the strip theory to incorporate the aerodynamic
forces and moments on the origin point of the body coordi-
nate. The CG is the same with the origin point of the body
coordinate. Figure 23 shows the concept of strip theory.

Thus, the computed aerodynamic forces and moments of
each lattice can be expressed on CG as shown in Equation
(24). Here, a and f3 are the AOA and the sideslip angle
(SSA), respectively.

—D cos a cos f—Y cos a sin B+ L sin «
FC=L,EC = —-Dsin 3+ 7Y cos 8 )
-Dsinacos f—Y sinasin f—L cos a
M, cos a cos f— M, cos asin f— M, sin a
PC _ PC _ ;
Mg =LpMp- = M, sin B+ M, cos 3
M, sin a cos B — M, sin a sin + M, cos a

(24)
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FIGURE 35: Comparison of the lift and drag coeflicient.
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F1GuRre 36: Configuration of tapered wing with control surface.

The aerodynamic forces and moments of main wing and
fin stabilizers can be calculated by applying Equation (24) to
all of lattice as shown in Equation (25).

ZFEC = Z chpzljjc’
! (25)

n

ZMPC = Z (LCPngc + rléf: X LCPngC) ’

=i

where the subscript j of the P is order of lattice for main
wing and fin stabilizer. So, jth control point P is described as
P..
i
2.4. Unified Wing Modeling: Aerodynamic Coefficients. The
AOA is calculated by 4 cases by using the absolute values of
velocities. Each case is described as shown in Figures 24-27.
The influence of the wing lift coefficient on the control
surface deflection is expressed as given in Equation (26).
The control surface is considered as a plain flap. Here,
Csurface a0d 8¢, are the lift coefficient associated with con-
trol surface and control surface deflection angle, respectively.

Cl = Cl,0 + Cla(x + Cl,surface(S (26)

surface**

The main coefficient in Equation (26) is a Cjg e
because other coefficients such as C;, and C; are the con-
stant or the functions associated with AOA, SSA, and Mach
number. Thus, the calculation accuracy of C; ... is the most
important for the wing model. Several tools such as chester,

torenbeek, and DATCOM have suggested the theory to cal-
culate the coefficient Cjg, .. A comparison of various
empirical formulas calculating C, ¢ indicates that the the-
ory proposed in DATCOM is the most accurate as shown in
Figure 28 [17]. The reference data in Figure 28 is the wind
tunnel test data for NACA23012 airfoil. The specification of
NACA23012 airfoil is described in Table 4. This study selects
the theory proposed in DATCOM to compute C; g, fc.-

3. Application

This section tries to validate the FDM built by the unified
rotor and wing model. The single rotor helicopter and com-
pound helicopter using coaxial rotor are used for checking
fidelity of FDM. The helicopter models are used to the BO-
105 helicopter and the reference rotorcraft which is built by
HETLAS. A reference rotorcraft is a Surion helicopter.
HETLAS is a program for implementing trim, linearization,
and simulation of the helicopter. Especially, this program
had been validated by the Surion helicopter. Moreover, it
has been already used to develop the FBW (fly-by-wire) sys-
tem for Surion helicopter. Figure 29 shows the structure of
the HETLAS program. The detail information of HETLAS
is described in Ref. [15, 18].

The configuration data for reference helicopter are
described as Table 5, and Figure 30 shows the shape of refer-
ence helicopter.

The configuration data and shape for the BO-105 heli-
copter are described as Table 6 and Figure 31, respectively.

The validation of proposed FDM would be conducted by
comparing with analysis results computed from the HETLAS
program. Trim analysis of the reference helicopter and simu-
lation for the BO-105 rotorcraft in the time domain are used
as the validation method for proposed FDM.

The trim analysis of the reference helicopter would be
implemented by the HETLAS program and proposed FDM,
where the validation of fidelity for proposed FDM is con-
ducted by checking the difference of trim results between
the HETLAS program and proposed FDM since the almost
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analysis and experimental data of reference helicopter are the
confidential data. The simulation of the BO-105 helicopter
would be performed by proposed FDM because the flight test
data of the BO-105 helicopter has been opened. Especially,
the AC-120 (advisory circular 120) criteria are applied to
the simulation process to compare thoroughly.

3.1. Unified Rotor Model. This study shows that the rotor
model employing the unified technique can be used to ana-
lyze various types of rotor dynamics. This study uses the
rotor model validated by the HETLAS program. Figures 32
and 33 show the aerodynamic analysis results of the rotor
and propeller using the unified rotor model.

The rotor of a typical helicopter is used for analyzing
rotor performance as shown in Figure 32. The main rotor is
used for analysis, and the collective inputs are defined as 5
degrees under the normal working states with increased for-
ward speed. All results are compared with no rotor dynamics,
flap dynamics, and flap and lag dynamics. The induced veloc-
ity has been decreased when the flight speed is raised. The
induced velocity is inversely proportional to forward speed
as v; = T/2pAV  as understanding the momentum theory.
The induced velocity is significantly decreased as forward
speed increased as shown in Figures 32 and 33. Although
the induced velocity is similar responses, the torques repre-
sent different behaviors. Torque with no dynamics is steadily
increased, but the others have maintained those values. This
is because the AOA of the blade section affects the drag force
of the blade section. The drag coeflicient at the blade section
is reduced with a small effective AOA due to the increasing
forward speed U and the decreasing induced velocity Up
as shown in Figure 8. This is the main reason to maintain
the torque level. Furthermore, the flapping angles which
can be considered as damping effect make the significant bias
among all speed regions. The lag dynamics with negative
lead-lag angles show less effect to torques increasing as a
slightly bigger effective AOA with changing U .
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The tractor-type propeller is used for analyzing propeller
performance as shown in Figure 33 [7]. It shows the result of
the analysis associated with advanced ratio and collective
change. The thrusts and the required powers of the propeller
have been increased when the advance ratio and collective
input are raised, because the increments of flow velocity for
propeller make the effective AOA of the blade section falls
in the stall region. It means that the maximum thrust level
is almost constant when the effective AOA is in the stall
region. Furthermore, the propeller efficiency can be reached
to maximum point.

Figures 32 and 33 have showed that the rotor dynamics
can be selectively applied. Therefore, it is judged that the uni-
fied rotor model is highly effective to calculate the aerody-
namic forces of various types of rotor or propeller.

3.2. Unified Wing Model. This research tries to validate the
fidelity of the wing model. The tapered wing is used for
checking the fidelity of the wing model. The specification of
tapered wing without control surface is defined as
Figure 34. The airfoil is a NACA 23012, and the wind velocity
V|| is a 21.34(m/s).

Figures 35 is a lift coefficient and drag coeflicient. These
two aerodynamic coefficients computed by the wing model
are very similar with reference data. The reference data is a
wind tunnel test data for tapered wing.

The coeflicients computed by the unified wing model for
lift and drag are very similar with reference data. Thus, it is
judged that the fidelity of the proposed wing model is appro-
priate. The specification of tapered wing with control surface
is defined as Figure 36. The deflection angle of control surface
is defined as 20.0 (deg). Other conditions are same with prior
case.

Figures 37 show the comparison results of the lift and
drag coeflicients. The lift coefficient computed by the unified
wing model is highly accurate with reference data that is
measured by wind tunnel. Also, the drag coefficient
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FIGURE 38: Comparisons of a typical model trim results (HETLAS vs proposed FDM).

calculated by the unified wing model is accurately computed.
It is judged that the proposed wing modeling technique is
highly accurate.

3.3. Single Rotor Helicopter. The helicopter using single rotor
is choose to check the fidelity of FDM. FDM has been built as
level 2. The reference helicopter validated by the HETLAS
program is used to compare the accuracy of the proposed
FDM technique. Figure 38 shows the trim analysis result cal-
culated by HETLAS and proposed FDM. The results of
HETLAS and FDM are indicated as blue and red, respec-
tively. The detailed data for the reference helicopter used by
HETLAS are confidential information. Thus, this paper men-
tions the difference of trim results computed by HETLAS and

proposed FDM. All state variables such as flight velocity,
angular rate, and attitude angle for FDM are very similar with
HETLAS. However, the control variables are different. Those
distinctions are about 0.5 degrees because the unified rotor
model in FDM has enhanced the coefficient estimation on
the sweep region of airfoil for blade section. Therefore, it is
judged that the proposed technique to build FDM is very use-
ful and accurate.

Also, Figures 39-43 describe the FDM validation results
with flight test data in forward flight [22]. The validation is
performed by the BO-105 helicopter and its flight test data.
This validation is checked to meet helicopter simulator qual-
ification [23]. Table 7 shows the tolerances with control
inputs, attitude angles, and handling qualities in each axis.
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Figure 39 describes the comparison with the trimmed
result and flight test data for forward flight. The tolerances
of control input, pitch angle, and torque between flight test
and analysis results are +5%, +1.5%, and +3%, respectively.

Most control variables are well matched with flight test
data under 40 knots flight velocity. However, the collective
inputs and torque have the gap with flight test data. More-

over, it is not located in the tolerance. It is judged that the
phenomenon is derived by main rotor downwash effect
and main rotor hub drag. The proposed FDM do not
include the adjustment equations specific to individual air-
craft. The accuracy of flight simulation results can be
increased if the correction factors are used to lift and drag
coeflicients [24].
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FIGURE 42: Comparisons of simulation results for the longitudinal cyclic response.

Therefore, the aircraft performance can be accurately
analyzed by proposed FDM. Furthermore, if the aircraft-
specific adjustments are applied to FDM, a more precise pre-
diction of performance can be made.

Figures 40-43 indicate the response property of air-
craft for collective pitch input. The input signal is given
as 3-2-1-1 for each axis. Also, it shows the handling qual-
ities criteria of collective pitch input for longitudinal, lat-

eral, and directional axis. The simulation has been
conducted in forward flight with 80 knots for 10 seconds.
The related responses, for example, pitch rate in longitudi-
nal handling qualities with lateral cyclic inputs as
described in Table 7, show the very similar results with
flight test data even though they have small errors. There-
fore, it can be also considered that the FDM can precisely
predict the flight performances.
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TaBLE 7: AC 120-63—tolerance of trimmed flight control position and handling qualities [23].

Test Tolerance Comment
Torque: £3.0%
Level flight performance and trimmed flight control position Pitch attitude: +1.5 Forward flight

Control position: +5.0%
Pitch rate: +5.0% or +2.0°/sec
Pitch attitude change: +10.0% or £1.5

Roll rate: +10.0% or +3.0%/sec
Roll attitude change: £10.0% or +3.0°
Yaw rate: +10.0% or +2.0°/sec
Yaw attitude change: +10.0% or +2.0

Longitudinal handing qualities: control response . Collective and Longitudinal
Lateral handing qualities: control response

Directional handing qualities: control response

wings were attached to the center at both sides of the fuselage,
and a pusher propeller was attached to the rear fuselage. The
control inputs were collective, longitudinal and lateral cyclic
pitches, and differential collective pitch as given in Equation
(27). Furthermore, the collective control of the pusher was
applied through thrust scheduling as shown in Figure 45 to
create appropriate propulsive force according to the forward
flight velocity.

F1GURE 44: Compound rotorcraft (coaxial type).

- T
3.4. Compound Helicopter. The flight performance analysis u= (8, 81,015 A3y ) - (27)

has been carried out for a compound rotorcraft configuration

to verify the usefulness of the FDM. The configuration of
compound rotorcraft has been shown in Figure 44.

The compound aircraft using coaxial rotor is based on
the single rotor helicopter used in HETLAS. The coaxial
rotors were assumed to be ABC rotors, and the blade chords
were adjusted to have the same solidity. In addition, the

Figures 46 shows the trim results of compound aircraft.
The compound aircraft has a high pitch attitude angle with
small roll attitude angle and lateral cyclic input due to torque
from the pusher at the hovering status.

Then, the collective input is getting decreased with the
pitch angle until 80 knots because of the lift of wing
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increased. After 80 knots, the pitch angle decreased, and the
pusher collective input increased more steeply. This makes
lateral cyclic inputs increased due to high torque from the
pusher. Although there is the complicated interplay between
the longitudinal axis with collective and longitudinal cyclic
input, the lateral cyclic input is working for balancing the
rolling moments. Therefore, it is judged that this simulation
results are physically appropriate, and the proposed FDM
can be widely used to analyze the flight performance of com-
pound aircraft.

4. Conclusion

This paper developed the unified high-fidelity flight dynamic
modeling technique for compound aircraft. The unified rotor
model calculated the aerodynamic forces and moments by
using BEM with enhancement of the coefficient estimation.
Furthermore, the coefficient interpolation technique has been
applied to the rotor sweep, its orientation, and rotor dynamics.
The proposed FDM uses the aerodynamic coefficients of air-
foil for rotor and wing. The aerodynamic coeflicients are the
necessary data to build the high-fidelity FDM. This is the same
with the traditional FDM technique. The analysis perfor-
mance of unified FDM do not depend on the configuration
of aircraft such as wing span and rotor diameter. Especially,
although the aircraft has not manufactured, the performance
analysis can be performed by unified FDM. This is the main
advantage of this research, whereas the traditional FDM using
experimental data has the dependency of configuration for air-
craft since the experimental results is different. This is the lim-
itation of development for compound aircraft as mentioned in
section of introduction. Thus, once the aerodynamic coeffi-
cients for airfoil are given to proposed FDM, most shape of
rotor and wing will be accurately analyzed.

The unified rotor model was defined as general rotor and
propeller to analyze its performance as shown in Figures 32
and 33. The analysis results for rotor and propeller showed
the physically appropriate rotor performance as mentioned
in section of application.

The unified wing model computed its aerodynamic
forces and moments using strip theory and VLM using
Biot-Savart laws to estimate induced velocity. Moreover, it
included the wing orientation as well as control surface influ-
ences when the induce velocity was calculated. The unified
wing model was defined as the tapered wing model to check
the property of lift and drag. The lift and drag coefhicients cal-
culated by the unified wing model are highly accurate. It is
judged that the unified rotor and wing model proposed by
this research are very precise and useful.

The unified rotor and wing models were used to build
FDM. The validation of fidelity for the proposed modeling
technique was performed by single rotor helicopter and com-
pound aircraft using coaxial rotors. The applications were
defined as trim and simulation with flight test data. A refer-
ence helicopter including confidential data and the BO-105
single rotor helicopter was used in section of application.
First, the results of trim analysis for the reference helicopter
between HETLAS and unified FDM were practically the
same since the small errors were induced by enhancing the
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estimation accuracy of aerodynamic coefficients. Second,
the correlated simulation responses with control inputs
which were 3-2-1-1 control to collective, lateral cyclic, longi-
tudinal cyclic and pedal inputs. The results of simulation
computed by proposed FDM for BO-105 with the flight test
data showed the simulation results of proposed FDM for
BO-105 that are satisfying the qualification for helicopter
simulator with small error. Third, the flight performance of
compound rotorcraft using coaxial rotors was analyzed using
the unified FDM as shown in Figures 45 and 46. Figures 45
and 46 show the physically appropriate results as mention
in application section.

Therefore, all type aircraft can be accurately analyzed by
this research. In addition, the analysis efficiency of the com-
pound aircraft system can be dramatically raised since the
flight performance based on airworthiness standards can be
interpreted by nonlinear optimal control programming
(NOCP) or nonlinear programing (NLP) method. It is
judged that this study can affect to develop all types of aircraft
and can reduce the development cost and period by provid-
ing high-fidelity analysis results for flight performance.
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