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ARTICLE INFO ABSTRACT

Communicated by Antonio Filippone This paper addresses the flight dynamics modelling, trim, and dynamic analysis of an intermeshing-rotor
helicopter, indicated as synchropter. This configuration has gained a great interest for its suitability within heavy

Keywords: pps L . . .

Intermeshing rotors load lifting and transportation in extreme high temperature and altitude, and other harsh environments. The

Synchropter paper presents some relevant features related to synchropter’s flight dynamics modelling of the interference

between its two tilted main rotors. Trim results show the advantage of the synchropter in forward flight where
the yawing moment is naturally balanced at almost all speeds and no lateral-directional compensation is needed.
The synchropter’s dynamic stability shows similarity to a conventional helicopter in the longitudinal phugoid.
However, in the lateral phugoid, the synchropter is unstable at all flying speeds and therefore its vertical fin
needs to be carefully designed.

Stability and dynamic analysis

Notations Greek symbols
a Angular opening rad
i Blade flapping rad

List of Symbols ¢,0,y Roll, pitch, yaw euler angles  rad
ag Rotor coning angle rad p Density kg/m’
a; Longitudinal TPP deflection rad A Inflow ratio

angle in rotor-hub system Ao Uniform inflow ratio
A Lateral cyclic angle rad r Synchropter tilt angle rad
by Lateral TPP deflection angle in ~ rad 3 Blade collective rad

rotor-hub system G Yaw command rad
B, Longitudinal cyclic angle rad X Direction indicator
D Damping matrix Q=[pqgrl”’ Angular velocity vector rad/s
f Forcing function Q Rotor angular velocity rad/s
F=xYy zZI' Force vector N ¢ Azimuth blade angle rad
g Gravity acceleration m/s?
I Inertia tensor kg/m?
K Stiffness matrix
m Mass kg
M=[L M N]" Moment vector Nm
R Rotor radius m
V=[uvw]” Velocity vector m/s
wy Vertical speed in Hub-Body m/s

frame
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Subscripts and superscripts

a Aerodynamical

cl Clockwise

ccl Counter-clockwise

e Equilibrium condition
e External

FU  Fuselage

8 Gravitational

HS  Horizontal stabilizer
MR Main rotors
Vs Vertical stabilizer

Acronyms

BL Buttline

NED North East Down
RF Reference Frame

STA Stationline

TPPV  Tip Path Plane
UAV Unmanned Aerial Vehicle
WL Waterline

1. Introduction

A particular helicopter configuration, which represents an interest-
ing solution for heavy load transportation for Urban Smart Delivery
applications, is the intermeshing-rotor helicopter, or synchropter. Such
configuration is a rotary-wing aircraft with a set of two counter-rotating
rotors turning in opposite directions. Rotors are assembled with a slight
angle each others, in a transversely symmetrical manner, allowing the
blades to intermesh without colliding.

The first synchropter was developed by Anton Flettner [1] during
second world war. In the 1980’s and 1990’s Kaman Aircraft success-
fully developed what today is known as K-MAX® intermeshing-rotor
helicopter.

The synchropter has two counter-rotating intermeshing rotors. With
respect to the classic helicopter configuration of one rotor and one tailro-
tor system, the synchropter allows the yaw to be accomplished through
varying torque, which is performed by increasing collective pitch on one
of the rotors. This allows the yaw-axis torque balance without the need
for a tail-rotor system.

With respect to the conventional helicopter configuration, the syn-
chropter presents the following benefits: 1) the symmetrical configura-
tion allows for a more compact helicopter size and a more suitable pay-
load arrangement; 2) the absence of a tail-rotor system allows for a 15%
total power savings for the hovering condition [2]; 3) the intermeshing-
rotor layout makes the helicopter have good stability and high lift co-
efficient, which allows it suitable for transportation in extreme high
temperature, high altitude and other harsh environments [3]. However,
spreading the total thrust in two smaller rotors decreases the overall
aerodynamic efficiency while increasing the complexity of mechanical
design [4,5].

Synchropter literature is mainly related to the Kaman K-MAX® air-
craft, for which performance analysis, structural investigation, aerody-
namic design and control system definition have been addressed [6-10]
whereas other works are related to system identification of small-scale
platform projects [3,11-14]. Recently, intermeshing-rotors configura-
tions started becoming attractive also among rotary-wing unmanned
platforms. The unmanned project that has received most attention is
the Broad-area Unmanned Responsive Resupply Operations (BURRO),
based on the Kaman K-MAX® platform [6-8]. Mansur et al. [6] in their
work present a control law improvement for the unmanned K-Max®. In
this paper, the authors also outline the development of identified-state
space models from flight data. Also in paper [7] the authors propose
a development of flight control system for unmanned K-Max®, based
on identified flight test data, as well as Coulbourne et al. in [8] and
McGonagle [9]. The work of Saribay [10] focuses on the analysis and
design of transmission system. With regards to small-scale platforms,
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Barth et al. [11,12] present in their works the design and analysis of the
performance of a small scale intermeshing rotors system, with special
attention to high altitude performance. In the paper of Wei et al. [3],
the authors study the influence of the lateral shaft tilt angle on rotor
thrust, power required and rotor clearance through the use of a small-
scale intermeshing rotors test platform. A recent paper from Zappek and
Yavrucuk [13] presents the models and methods to convert a small-scale
synchropter with electric propulsion to one with hydrogen hybrid power
source. Their results illustrate requirements for the propulsive system.
Wartmann et al. [14] using system identification for the superARTIS
DLR-operated unmanned syncopter helicopter, discusses the eigenval-
ues and modes obtained for the hover case. The results are dependent on
the identification method used. In the optimized Predictor-Based Sub-
space Identification method (PBSIDopt) provides an unstable phugoid
and a stable dutch roll mode. In the frequency response (FR) method
the phugoid mode is separated into roll and pitch and the longitudinal
and heave dynamics are not coupled with the lateral-directional dynam-
ics.

In the literature of speciality, there are various works addressing the
issue of modelling of the aerodynamic interference effects on intermesh-
ing rotors [2,15,16]. These are mainly focused on numerical simulations
of the intermeshing system [2], showing experimental results [16] or
presenting numerical investigation of the aerodynamic interaction of
rotorcraft-to-rotorcraft interference during shipboard operations [17].
There are also many works addressing the modelling of the aerodynam-
ics rotors interference, considering two rotors that can be from partially
(as in synchropter or tandem helicopters configurations) to totally over-
lapped (as in coaxial helicopters configurations). From an aerodynamic
point of view, Leishman [4,18] gives an overview of the interference
modelling for many helicopter configurations. With special regards to
tandem configuration, Bramwell reports the longitudinal [19] and lat-
eral [20] stability analysis, while Stepniewski [21] discusses extensively
this configuration in its work, as well as [22], in which the authors
discuss trims, stability, controllability and qualities of tandem rotor he-
licopter. However, to the best of the authors’ knowledge, most of the
current research related to the synchropter aircraft focuses only on per-
formances analysis based on experimental validation [2,16] without
providing a generalized theoretical framework for addressing prelim-
inary design, optimal sizing and control system design. Moreover, the
few existing models presented in the literature are obtained from Kaman
K-MAX® (and other small unmanned platforms) by means of systems
identification algorithms [6,14].

Yet, the literature currently lacks of an analytical framework for
precisely defining synchropter flight dynamics behaviour and stability
problems, as well as investigation of the dynamic stability characteris-
tics compared to a conventional helicopter. This study seeks to address
this gap by providing an initial framework for dynamic analysis.

The scope of the present paper is to derive a flight dynamic analyti-
cal framework with the aim to analyze synchropter trim and stability by
highlighting longitudinal and lateral-directional dynamic features. The
contributions of the present paper are multifold: 1) reference model is
provided and discussed, which includes the aerodynamic effects related
to the intermeshing configuration; 2) state and control variables are
characterized in forward flight condition for different values of speed
and trend discussion; 3) an extensive discussion is provided with re-
spect to dynamic properties for different values of advance ratio which
includes an analysis of most relevant stability and control derivatives;
4) a comparison is provided between results obtained with the proposed
modelling approach and experimental data, obtained for a small scale
unmanned rotorcraft given in [14].

The rest of the paper is structured as follows. Section 2 addresses
the nonlinear model. Results of the trim comparison with the well-
documented BO105 helicopter are detailed in Section 3, whereas stabil-
ity analysis is given in Section 4. Then, Section 5 presents a comparison
for hovering dynamic stability between identified data for a synchropter
UAV and the presented model. Final conclusions will end this paper.
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Fig. 1. Synchropter views.

2. Mathematical modelling

The synchropter nonlinear mathematical model has 14 degrees of
freedom (dof), including 6 dof of the body dynamics, a medium com-
plexity of rotor dynamics (3 dof for the second order flapping dynamics
for each rotor) and a dynamic inflow (2 dof for both rotors) that is
assumed to be uniform, based on Pitt-Peters equations [23]. The mathe-
matical model is based on the Talbot’s [24] conventional one rotor-tail
rotor helicopter configuration that has been adapted to represent the
intermeshing rotor helicopter. In particular, the model of the main ro-
tor for the counter-clockwise rotor has been developed based on [24]
and briefly described in section 2.2.1. The same model, adapted for the
clockwise rotor, has been applied for the other main rotor and consid-
ering the absence of the tail rotor in the synchropter, it has not been
modelled. Interference effects between the two main rotors have been
accounted as shown in 2.2.2. The two intermeshing rotors are tilted in
this paper by the same angle as in the Kaman K-MAX® configuration,
i.e. the intermeshing angle of the rotors is I' = 25 deg, see Fig. 1c. This
I" angle refers to lateral shaft tilting of the two main rotors on the YZ
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plane. The aerodynamic interference effects related to the intermesh-
ing rotors are also given. The fuselage is considered as a flat plate area
being modelled as in Padfield [25]. Blades are assumed rigid with inte-
gral form dependent on control actions, vehicle kinematics and flapping
equations. The rotation matrices from the body-fixed frame [, to the ro-
tor hub frame [, for the counter-clockwise and clockwise rotor are
given by, respectively:

1 0 0 1 0 0
Thpee =| 0 cos LI sinrg Tppe =0 —cos L —sink 1
0 sin 5 cosy 0 —sin 5 cos3

2.1. Equations of motion

Synchropter aircraft dynamics is described by Newton-Euler equa-
tions of motion projected in the body frame [F,. Fig. 1a, 1b, 1c represents
the main forces and moments acting on the synchropter. Specifically:

V=—QxV+F9m Q=T"'1-Qx{IQ)+M®¥] )

where m is the aircraft mass, V = [u, v,w]" is the linear velocity vector,
Q =[p,q,r]T is the angular velocity vector, and I is the inertia tensor.
F© and M are the external forces and moments, respectively.

¢ 1 singtanf cos¢tand
o1=]0 cos ¢ —sin¢g Q 3
vy 0 sing/cos® cos¢/cosd

Rigid-body kinematics is given by X = TV, provided X represents
the position in the Earth-fixed reference frame and T,,(y, 0, ¢) being
the Earth-fixed to Body axes rotational matrix obtained by means of a
3 —2 — 1 rotation sequence.

2.2. Forces and moments

The external force vector contains the aerodynamic F® and gravity
F® contributions, whereas total moment vector includes mainly the
aerodynamic M@ effect. Gravity force vector is given by:

FO =T, [00mg]" )

provided that T, is being the rotation matrix from Earth-fixed to Body
frame and g the gravity constant. Aerodynamic effects are expressed as
the sum of aircraft components contributions:

F@ = pMB) | p(FUS) L p(VS) 4 F(HS) (5)
M@ = MMB) | ppFUS) 4 pg(VS) 4 pg(HS) (6)

Looking at Fig. 1a, 1b, 1c one can see that the rotor is character-
ized by three forces: the thrust T, the horizontal force H and the lateral
force Y. In the Figs. 1a, 1b, 1c these are showed for the left and right
rotors. The empennages and fuselage forces and moments are also rep-
resented. In particular, horizontal and lift forces for horizontal stabilizer
and lateral and lift forces for vertical stabilizers.

2.2.1. Main rotors model

The total aircraft thrust is generated by means of two intermeshing
counter-rotating tilted rotors. The mathematical model for the single
counter-clockwise (ccl) rotor is based on the single rotor Talbot’s model
[24]. To this aim, the following assumptions are made: 1) blades are
considered to be rigid both in bending and torsion; 2) flapping angles
are small, and the analysis follows the simple strip theory [4]; 3) the
effects of aircraft motion on blade flapping are limited to those related
to the angular accelerations p and ¢, the angular rates p and ¢, and
the normal acceleration component ti; 4) blade stall and radial flow
are disregarded, as well as tip and root cut-out vortices; 5) high-speed
compressibility issues and tip relief effects on advancing blades are not
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accounted; 6) reverse flow region is ignored; 7) no dedicated flow de-
scription is provided for wake swirl and contraction; 8) rotor inflow is
based on Pitt-Peters equations [23], in contrast to that one presented
by Talbot, but only uniform inflow component is considered as follows.
In the Pitt-Peters equation the terms A, and A. are set equal to zero,
in order to account only for the uniform inflow component 4. In the
hub-wind reference frame the equation is:

[dg 45 de]" = @M (=L Ly) ™" [Ag 4 A" + Coero @

where the expressions for the matrices C,,,,, L;, L, and M are reported
in [23]. 9) Main rotor blade flapping is approximated by the first har-
monic terms with time-varying coefficients, that is f(f) = aj —a; cos{ —
b, sin{, where g is the preset coning angle, ¢ the blade azimuth and

ay, b, represents the longitudinal and lateral tilt of the tip-path plane.
The vector a = [ao a, by ]T is the solution of equation (8):

a+Da+Ka=7F )
and expressions for D, K and f are found in Appendix C of [24]. Since
the synchropter has two counter-rotating main rotors, the model de-
scribed above for a counter-clockwise (ccl) rotor has been adapted for
the clockwise (cl) one in the following manner. Equations for the ccl
rotor equations derived using a left-hand side coordinate system are ap-
plied to the cl by adopting a direction indicator y in the lateral equations

of motion, which value is equal to 1 when rotor is counter-clockwise and
-1 otherwise [26]. Resulting equations are given as follows:

Vcl = l_[l Vccl ch = l_I2chl Fcl = l_[chcl
Mcl = H2Mccl Ucl = 1—Il Uccl )]
provided
1 0 0 x 0 0
m=10  0|I,={0 1 O (10)
0 0 1 0 0 yx
and U =[6, A; B]respectively representing the collective, longitu-

dinal and lateral cyclic controls.

2.2.2. Rotors interference

Aerodynamic interference effects, due to the partial overlapping be-
tween the two main rotors are taken into account according to the
Leishman’s model for coaxial rotor model, Refs. [4,18]. In Ref. [18],
a simple steady momentum theory is adapted to represent the inflow of
coaxial configurations, under the assumption that the induced velocity
changes instantaneously across the rotor disk. Since rotors are not coax-
ial, in the proposed synchropter configuration, the rotor interference
induced power factor k is scaled for thrust computation, accordingly
to the actual overlapping fraction of the disk area. Such procedure has
been presented by Leishman in his book [4] for tandem rotors config-
uration where the scaling factor is ratio between the overlapping area
Aoy and the total rotor area.

The overlapping area between the two rotors, Ay, is derived by
projecting the radius of a single tilted rotor from XY -plane of the Hub-
Body to the un-tilted X Z-plane of the body axis system and considering
the length of overlapping distance. The area is geometrically estimated,
whereas seen from the top it mainly appears as an intersection of two
circular sectors. Then equivalent radius is estimated and the ratio be-
tween the areas is found. According to Fig. 2, equations allowing for the
estimation of the overlapping area are:

Aoy =2Acs — AR (11)

R:. «a
where Acg = £ go is the area of the circular sector with projected

radius Rpgp = R cos(I'/2) and angular opening a =2 cos™'(d/Rpgo);
Agp =d Rppo sin(a/2) is the area of the rhombus with diagonals d and
2 Rpgro sin(a/2).

Aerospace Science and Technology 155 (2024) 109664
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d
["] = Overlapping area

Fig. 2. Overlapping area geometry.

Once the overlapping area is obtained, it is utilized to evaluate the
value of the interference induced power factor k based on [4]:

k=1+(\f2—1)A% (12)

where A is the rotor area.

Recalling the hypotheses for the mathematical model of main rotors
given in Section 2.2.1, the complexity of the analysis is increased by the
aerodynamic interference between the two rotors. This interference in-
troduces additional challenges that warrant further investigation, which
could be more accurately addressed through the use of advanced Com-
putational Fluid Dynamics (CFD) simulations and/or dedicated experi-
mental testing. Considering the level of aerodynamic modelling utilized,
the method for accounting the interference appears reasonable.

2.2.3. Fuselage and empennages model

Throughout the flight envelope, the fuselage aerodynamic model
produces forces and moments as a function of angle of attack and sideslip
angle. Effects are taken into consideration in performance and stability
analysis for forward speeds. Details on the procedure to calculate forces
and moments equations are available in Padfield [25].

Vertical fin and horizontal tail are considered as lift and drag produc-
ers and are approximated for all angles of attack and sideslip. Equations
are given in detail in Talbot [24].

The interaction between the rotors and the fuselage and tail planes
is included in the same way as in [24]. It consists in the introduction of
an averaged effect of rotor downwash in angles of attack, sideslip angles
and dynamic pressures of fuselage, vertical fin and horizontal plane.

3. Trim analysis

The nonlinear aircraft model described in Section 2, characterized by
mass and inertia properties, and geometric and aerodynamic data listed
in Table A.3 in Appendix A, is implemented in the Matlab/Simulink
environment. The differential equations are solved by the eight-order
Dormand-Prince method [27] with a frequency of 1000 Hz. The syn-
chropter model is then numerically trimmed in level flight in standard
atmospheric conditions. The range of considered forward speed val-
ues is from 0 km/h to 200 km/h. To provide an accurate and direct
comparison of the outcomes, the well-know classical helicopter BolkoW
BO105 [25] was selected as baseline model for the implementation of
the analytical framework of the synchropter. The Bol05 parameters
have been adapted to represent a synchropter configuration with two
counter-rotating tilted main rotors and no tail rotor as follows: a) syn-
chropter main rotor radius is kept equal to BO105 one, but the number
of blades for each rotor has been halved. In such a way the synchropter
has two counter-rotating main rotors with the same radius and area of
the BO105 but the total number of blades is still 4 (2 + 2); b) the aero-
dynamic parameters of the fuselage and tail surfaces of the synchropter
are exactly the same of the BO105; c¢) the moments of inertia of syn-
chropter have been calculated starting from those of BO105 reported
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Synch-rotor
BO105 flight test

0, [deg]

0 50 100 150 200
Velocity [km/h]

Fig. 3. Trim results: main rotor collective.

in [25] as follows. The helicopter is schematize considering the fuse-
lage, the main rotor hub, the tail boom and the vertical and horizontal
planes. These parts are approximated as an ellipsoid for the fuselage, as
cylinders the rotor hub and the tail boom, as parallelepiped the verti-
cal and horizontal planes. For each part the weight has been evaluated
following Prouty formula [28]. The moments of inertia of each part are
calculated with well-known formulas. The synchropter moments of in-
ertia are evaluated with the same procedure but adding one main rotor
hub in the correct position and recalculating the weights. Results show
that synchropter rotors result in an approximated 30% increase in I,
moment of inertia with respect to BO105, a 2% on I, and —2% I,.
These values are reported in Appendix A. The yaw motion of the syn-
chropter is controlled by a mix of differential longitudinal cyclic B; and
differential main rotor collective 6. This means that the yaw axis is
controlled by:

! ) r
0 = 90_96 B, - B
ped 2 2

where 0(’) and ¢ are the actual values of the left and right rotors col-

lectives, while Bi and B are the longitudinal cyclic of left and right
o' +or
0; 0 and lateral

! r
BI+BI

rotor respectively. The global collective is then: 6, =

and longitudinal axes are controlled as: A; = A’l =-A], B, = .

Figs. 4-8 show the trim results of the synchropter model as compared
to the BO105 helicopter, whose trim data are taken from Ref. [29]. The
data for BO105 helicopter are both flight test data and simulator data.
The BO105 simulator data are produced using the same mathematical
model as described in section 2 in its initial version intended for a con-
ventional one main-one tail rotor helicopter.

An interesting result from the trim procedure is the little difference
in collective required by the two rotorcraft, as depicted in Fig. 3. For
the synchropter, the required collective is lower than BO105 for speeds
up to bucket speed. This is due to the presence of two main sources
of lift, so that the collective required to sustain the vehicle in flight
is reduced. However, the reduction in synchropter 6, is limited with
respect to BO105 helicopter. Since for synchropter the number of blades
per rotor is halved compared to BO105 main rotor, this allows to double
the total disk area, while halving the solidity of a single synchropter
rotor (synchropter solidity is 0.035, whereas BO105 solidity is 0.07).
The disk area is kept as a constant, so the synchropter has a reduced
disk loading, even if there is around 3% thrust loss for each rotor due to
the lateral tilt angle I" = 25 deg. Hence, the T is much the same between
synchropter and BO105, so the 6, of synchgopter is slightly lower.

Another consequence of having two intermeshing rotors is the dif-
ference between the lateral cyclic required. For the synchropter config-
uration, almost zero lateral cyclic is demanded in trim, due to the fact
that the two tilted rotors flap in opposite directions. However, a signifi-
cant amount of lateral cyclic is needed in a traditional helicopter like the
BO105 to trim it, see in Fig. 5. In a classic helicopter, the blade incidence
at the back of the rotor disk lowers as the helicopter enters forward flight
due to the skewing backward of the rotor wake. The helicopter rolls to
the starboard side as a result of this (for a counterclockwise rotor when
seen from above). Hence, a lateral cyclic command needs to be given to
mitigate this effect.
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Fig. 8. Trim results: pitch angle.

Regarding the bank angle ¢, again, the absence of the tail rotor re-
sults in a significant reduction of this angle. Indeed, without tail rotor,
the side force is reduced and so is the fuselage angle, as depicted in
Fig. 7.

On the longitudinal axis the difference between the longitudinal
cyclic on the two configurations is negligible, see Fig. 6. In low speed
flight, the pitch attitude is slightly different because of the absence of
tail rotor, see Fig. 8, resulting in a small fuselage pitch angle required at
the equilibrium. Accordingly to conventional helicopter behaviour, as
speed increase, pitch angle becomes more negative.
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Fig. 9. Phugoid modes of the synchropter and BO105 helicopter. (For interpre-
tation of the colours in the figure(s), the reader is referred to the web version of
this article.)

Since the yawing moment is naturally balanced throughout practi-
cally the entire speed range, due to the presence of two counter-rotating
rotors, no yaw command 6,,,, is required. The 0,,, collective only as-
sumes modestly positive values at speeds greater than 150 km/h, as
depicted in Fig. 4. This result is due to the unsymmetrical aerodynamics
that the fin produces at high speeds and requires slight compensation.

4. Dynamic stability analysis

In what follows the stability characteristics of the proposed syn-
chropter configuration are compared with the same test cases of Sec-
tion 3. Let X = {u,w,q,0,v,p,p,r,w} be the state vector and U =
{A},00.By,0,,4} the control vector. Generally, the linearized model
takes the form:

X=AX+BU 13)

where the state and control matrices are obtained as:

Aircraft stability derivatives in this paper are obtained numerically
by applying central finite differential method. These are written in semi-
normalized form, so that the forces derivatives are divided by aircraft
mass and the moment derivatives by moment of inertia, in the same
manner as described in Padfield [25]. The state and control matrices
can be found at various trimmed conditions, so that the eigenvalues of
the state matrix describe the natural modes of the motion at that flight
condition. The form of the state and control matrices may be found in
Appendix B. A dynamic stability analysis is carried out using this method
from hover to 200 km/h.

Figs. 9, 11, 10 show the uncoupled longitudinal dynamics: the
phugoid, the heave and the pitch subsidence of the intermeshing rotor
helicopter (black line) as compared to the classic BO105 helicopter cal-
culated using either the one rotor-one tailrotor helicopter model (dotted
blue line) or the values presented in Padfield [25] (dashed red line).

Longitudinal dynamics do not exhibit any particular differences be-
tween the two configurations. As expected, phugoid is an unstable os-
cillatory mode. This is mainly due to the speed stability derivative M,
that is positive for both synchropter and BO105 helicopter. The pitch
damping derivative M, is negative for all flight conditions from hover to
forward flight, i.e. a pitch down moment is produced when the fuselage
pitches up. This is due to the stiff rotors of both configurations which
create a large moment around the rotor hub mainly due to the stiffness of
the blades. When a perturbation in forward speed is experimented, the
rotor will flap back and a pitch up moment will be experienced by the
fuselage. As the rotor pitches up, the main rotors will provide a pitching
down moment, being M, negative.

Pitch subsidence mode is presented in Fig. 10 and shows that it is
strongly influenced by M|, stability derivative. The M, stability deriva-
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Fig. 10. Pitch subsidence modes of the synchropter and BO105 helicopter.
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Fig. 11. Heave modes of the synchropter and BO105 helicopter.

tive shows the same trend for both the synchropter and the BO105
helicopter resulting thus in similar pitch subsidence mode for both he-
licopters.

The heave mode given in Fig. 11 is a stable damped mode dependent
by Z,, stability derivative. The behaviour for the two configurations is
similar, the main difference is that for the synchropter the more stable
poles are situated at high velocity (around 110 km/h) while for the
B0105 the more stable poles are at around 40 km/h.

Regarding longitudinal static stability, both systems demonstrate
positive longitudinal static stability (statically stable), with M, > 0
throughout the envelope.

Fig. 12 presents the longitudinal modes involvement on each axis.
For example, one can see that heave is influenced by both w and w,.

Figs. 13, 14, 15 present the uncoupled lateral dynamics charac-
teristics of the synchropter: the roll subsidence, the spiral and lateral
phugoid.

Looking at Fig. 13 one can see that the roll mode exhibits the same
trend for both the synchropter and the BO105 helicopter. This is mainly
because the roll damping stability derivative L, behaves similarly in
both configurations.

In order to better understand the influence of the different state vari-
ables on the modes, the lateral involvement of each lateral state variable
in the synchropter lateral mode is given in Fig. 16. Lateral vector is com-
posed by: X, = {ty,v,0,p}, where vy =v+ugy [25].

Synchropter spiral and lateral phugoid modes however show a dif-
ferent trend with respect to those of BO105 helicopter, as depicted in
Fig. 14 and 15. Spiral mode is usually related to the yaw damping deriva-
tive N,, whose trend is plotted in Fig. 17 as the forward speed increases.
Looking at this figure one can see that, as the forward velocity increases,
this derivative is greater for the synchropter as compared to the BO105
helicopter. Additionally, lateral mode involvement, see Fig. 16, shows
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Fig. 13. Roll subsidence of the synchropter and BO105 helicopter.
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Fig. 14. Spiral modes of the synchropter and BO105 helicopter.

Fig. 15. Lateral phugoid of the synchropter and BO105 helicopter.

that spiral pole is influenced by the lateral speed, its derivative and
by the yaw rate (that can be found in v, variable). Therefore, the N,
derivative is also influencing the spiral mode.

The weathercock stability derivative N, is plotted in Fig. 18. In
comparison to the conventional helicopter, for the synchropter this
derivative is opposite in sign, being negative at all speeds. This has a
strong influence on the lateral phugoid mode. In Fig. 15 it can be seen
that lateral phugoid is an unstable oscillatory mode that is an oppo-
site behaviour with respect to that of the BO105 helicopter. Following
a sideslip disturbance, the fin and tail rotor generate a side force that
aligns the helicopter’s nose with the wind direction, producing a stabi-
lizing effect. As a result, the helicopter’s yawing moment after a sideslip
disturbance is reduced. The lack of the tail rotor and the fact that the
fin is not oriented in relation to the centreline of the fuselage make the
weathercock derivative unstable for the synchropter configuration at
all flying speeds and consequently also the lateral phugoid mode. This
is also confirmed by the lateral modes involvement, see Fig. 16, wherein
the v lateral speed almost entirely determines this synchropter mode.

Following on the N, derivative, it is evident that the perturbation ap-
plied to the lateral speed v has a significant impact on the weathercock
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Fig. 18. Weathercock stability derivative N,.

stability derivative, that is reflected as a large change in side-slip angle.
If a larger perturbation on v is applied when calculating N, the result
is that this derivative becomes greater, see Fig. 19, and that the lateral
phugoid mode becomes a stable oscillation. Poles of the synchropter in
hovering with a larger perturbation on v are reported in Table 1.

5. Comparison of synchropter model with identified data from a
scaled model

The proposed model has been further validated through a compari-
son with experimental data obtained from a UAV synchropter, specifi-

cally the SuperARTIS UAV. This comparison aims to highlight any dis-
crepancies between the model predictions and the experimental data.
The SuperARTIS UAV is a synchropter platform whose dynamic charac-
teristics, including its poles, have been previously identified in [14]. To
facilitate this comparison, modifications were made to the synchropter
model, originally designed for a full-scale vehicle, in order to adapt it
to the SuperARTIS UAV configuration. The parameters corresponding to
the SuperARTIS UAV were incorporated into the model, and the detailed
procedure for adapting the synchropter model to this UAV is outlined be-
low. The synchropter data have been adapted in the following manner:
1) Weight of the superARTIS UAV is used as input for the synchropter
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Fig. 20. Synchropter poles in hovering: comparison between scaled synchropter
model and identified Superartis poles.

Table 2
Hovering poles of scaled synchropter and superARTIS UAV.
Synchropter superARTIS

Mode Pole Pole
Roll subsidence -39.017 -14.3
Pitch subsidence -22.036 -4.94
Heave -0.615 -0.582
Longitudinal phugoid 0.097641 + 0.25913 0.108 + 0.2779
Yaw -1.673 -0.718
Lateral phugoid 0.0017542 + 0.22526  0.0015 + 0.112

model as reported in [14]; 2) Rotor radius and UAV dimensions have
been taken from SwissDrone SDO 50 V2 [30], since the superARTIS
drone appears to be very similar; 3) Main rotors rotational speed €, in-
ertial data, main rotor flapping spring constant K, blade moment of
inertia /; and blades characteristics data are those of the Yamaha R-50
helicopter [31], since superARTIS UAV is stated to be comparable to
this Yamaha helicopter in [14]; 4) Fuselage and empennages parame-
ters are scaled following the Froude scaling procedure detailed in [32],
[33].

The adapted data have been used as input data in the synchropter
model developed in this paper, then trimmed and finally linearized in
hovering condition. Results are presented both in Fig. 20 and Table 2
for the case of synchropter hovering flight.

In Fig. 20 the poles of superARTIS synchropter are showed, in red
the identified poles taken from [14] and in black those ones coming
from the adapted model of this paper. Each mode is indicated in the
figure with a different marker, illustrated in the legend. If compared
to modes of the full-scale synchropter vehicle, the behaviour in hover-
ing is quite similar. Roll and pitch subsidence (full and empty circles in
Fig. 20) are stable modes, with roll subsidence being more stable than
pitch, as well as heave and yaw (respectively with cross and rhombus
markers). Longitudinal and lateral phugoid in Fig. 20 are both unsta-
ble oscillatory modes, as also reported for full-scale synchropter. Upon
analyzing the comparison with data from identified superARTIS, it be-
comes evident that the heave, phugoid, and lateral phugoid modes are
well captured by the scaled synchropter model developed in this study.
These modes exhibit a strong correlation with the experimental data,
suggesting that the overall dynamic behaviour of the vehicle in these
aspects has been captured. However, significant discrepancies are ob-
served in the roll and pitch subsidence modes, where the model slightly
diverges from the identified data. This divergence may be attributed
to the scaling methodology applied to the empennage surfaces. The al-
tered scaling likely resulted in variations in the aerodynamic moments
generated by these surfaces following a perturbation, leading to devi-
ations in the vehicle’s predicted roll and pitch dynamics. This suggests
that further refinement of the empennage scaling procedure is neces-
sary to improve the accuracy of the model in representing the vehicle’s
subsidence behaviour.
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6. Conclusions

This paper develops a generic analytical model for the flight dynam-
ics study of a synchropter helicopter configuration. This model is then
trimmed and linearized in order to study the dynamic stability of the
synchropter helicopter. The key findings of this research are listed:

+ The trim results show that the synchropter yawing moment is nat-
urally balanced for almost all forward speeds. In addition, the lack
of a tail rotor as in a classical helicopter considerably minimizes
the bank angle ¢. Also, for a synchropter, a very minimal lateral
cyclic control is needed across the speed range. This proves a strong
advantage of the synchropter configuration as compared to a clas-
sical helicopter, since no much lateral-directional compensation is
needed for the pilot.

The synchropter’s dynamic stability analysis highlights that, on the
lateral axis, the main difference between a synchropter and a clas-
sical helicopter concerns the lateral phugoid mode, which exhibits
to be unstable at all speeds.

The comparison between the hovering modes of the scaled syn-
chropter model and existing identified data of the superARTIS,
shows that the proposed analytical model represents well the lon-
gitudinal and lateral phugoid modes while overpredicting the roll
and pitch subsidences. Such differences are most likely due to the
scaling procedure in obtaining the data for superARTIS’s empen-
nages.

Future research should consider direct comparisons of these findings
with a wider set of experimental data, if possible.
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Appendix A. Relevant synchropter data

Table A.3
Relevant synchropter data.

Parameter Symbol Synch BO105 Units

Vehicle data

Mass m 2200 2200 kg
Principal moments of inertia I, 1863 1433 kg m?
Principal moments of inertia 1, 4983 4973 kg m?
Principal moments of inertia I, 4086.7 4099 kg m?
Inertia products I, 858 660 kg m?
Stationline position of CG STAcg 21337 21337 m
Buttline position of CG. BL¢g 0 0 m
Waterline position of CG. W Leg 1.52 1.52 m
Rotor data

Stationline position of hub STAy 21337 21337 m
Buttline position of left hub BLy 0.25 - m
Buttline position of right hub ~ BLj -0.25 - m

(continued on next page)
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Table A.3 (continued)

Parameter Symbol Synch BO105 Units
Waterline position of hub WLy 3 3 m
Number of rotor blades Nyjades 2 4
Nominal angular velocity om 423.9918  423.9918 RPM
Radius R 4.91 4.91 m
Mean blade chord c 0.27 0.27 m
Flapping spring constant K, 113330 113330 Nm/rad
Pitch-flap coupling tangent of 6; K 0 0
Hinge offset € 0 0 m
Blade Inertia moment 1, 231.7 231.7 kg m?
Blade profile lift curve slope G, 6.113 6.113 rad™!
Blade twist angle 0, -0.14 -0.14 rad
Tip loss factor B 0.96 0.96
Precone angle ag 0 rad
Solidity c 0.035 0.07
Lateral shaft tilt g 12,5 - deg
Fuselage (Fus.)
Stationline position of fus. STAce 215 2.15 m
Buttline position of fus. BLqg 0 0 m
Waterline position of fus.. W Leg 1.52 1.52 m
Fus. plan area S, 7.4263 7.4263 m?
Fus. side area S, 5.2 5.2 m?
Horizontal Stabilizer (HS)
Stationline position of HS STAyg  6.6937 6.6937 m
Buttline position of HS BLyg 0 0 m
Waterline position of HS WiLlys 2 2 m
HS incidence angle iys 0.0698 0.0698 rad
HS area Sus 0.803 0.803 m?
HS mean aerodynamic chord Cys 0.674 0.674 m
HS aspect ratio ARy 2.635 2.635
HS dynamic pressure ratio Nys 0.633 0.633
Vertical fin (Vf)
Stationline position of Vf STAy 7.5497 7.5497 m
Buttline position of Vf BLy 0 0 m
Waterline position of Vf WLy 2.5 2.5 m
Vf incidence angle iy -0.08116 -0.08116 rad
Vf area SyEl 0.805 0.805 m?
Vf sweep angle Ay 0 0 rad
Vf dynamic pressure ratio My F1 0.41 0.41
Vf mean aerodynamic chord Cyry 0.5358 0.5358 m
Appendix B. State and control matrices
X, X,-0, X,-W. A, X,+R, X, 0 X, +V,
Z,+0, Z, Z,+U, Ay Z,+P, Z,~V, Ay g
M, M, M, 0 M, Asg 0 Asg
az| 0 0 cosb, 0 0 0 Ay sin®
Y,-R, Y,+P, fi Asy Y, Y,+W, As Y, -,
L, L, Ags 0 Ly Ags 0 Ags
0 0 sing, tan®, Ay 0 1 0 cos¢,tan®,
Ny o Ag N, Ags 0 Agg
where:

Ay =—gcos®,, Ay, = —gcos¢,sin®,, Ay; = —gsing,cos0,, Azq =

M, =2P,I 1, — R —I.)1,, Asg=M,+2RI 1, — Pl -
I )1, Ay =—Q,c080,, Asy = —gsing,sin®,, As; = gcosd,cosO,,

Agz =L, +k P, — kyR,, Ags =L, +k1Q,, Agg = L] — kyQ,, Azy =
Qa SeC@e, A83 = Nt; _klRe —k3Pe, A86 = NI/7 —k3Qe, A88 = N: —lee.
A is the state matrix. B, the control matrix, is:

X®0 XAl Xp 1 X®0T
Z®0 Zy 1 ZBI Oor
M ) My 1 Mg 1 Oor

0 0 0 0

Y?o Yf;‘l Yf 1 Y(;)OT
L®o LAl LBI Oor
0 0 0
! ! ! !
N®o NAl N 1 N®or

10
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The longitudinal and lateral state matrices are:

X, gcos®,/U, X,—gcos®,/U, X,—W,
A _| % gsin®,/U, Z,—gsin®,/U, Z,
LON=\ 7 = gsin®,/U, Z,—gsin®,/U, Z,+U,
M, 0 M, M,
0 0 Y, g
N 0 0 1 0
LaT=| -N!' -UN, N/+Y, g-NU,
Ly, L, -Lju, L

Data availability
Data will be made available on request.
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