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Abstract

Tiltrotor aircraft combine vertical takeoff capa-
bility with efficient fixed-wing cruise, but their
mechanically interconnected propulsion systems
introduce substantial drivetrain complexity and
dynamic coupling. Recent drivetrain-related in-
cidents have emphasized the importance of un-
derstanding load redistribution and interaction
mechanisms within coupled rotor—drivetrain sys-
tems. In particular, the influence of proprotor
blade dynamics on drivetrain behavior remains
insufficiently characterized. This study develops
two complementary modeling approaches for in-
tegrated tiltrotor dynamic analysis. First, a fi-
nite element model is established to rigorously
derive the governing equations describing how
the collective lead—lag motion of rotor blades in-
fluences drivetrain torsional dynamics through
inertial and elastic coupling. The formulation
explicitly captures the additional dynamic loads
induced by synchronized blade lead—lag motion
and their effect on shaft torque and gearbox re-
sponse. Second, a sensitivity analysis is formu-
lated for a linear time-invariant (LTI) model to
establish a unified analytical framework for eval-
uating the stability of the tiltrotor drivetrain
with respect to variations in key drivetrain com-
ponents. The primary elements considered in-

clude the planetary gears, central gear, engine
gear, engine, and their corresponding output
shafts. Results demonstrate the capability of the
proposed framework to capture rotor—drivetrain
interaction mechanisms, providing insight for re-
liability assessment, fault diagnosis, and future
drivetrain design improvement.

Keywords: Gear systems, Rotorcraft dynam-
ics, Multiblade coordinates, Collective lead-lag
hub-torsional coupling, Eigen Sensitivity

1. Introduction

Tiltrotor aircraft combine the vertical takeoff
and landing capability of helicopters with the
cruise efficiency of fixed-wing airplanes. The
Bell Boeing V-22 Osprey represents one of the
most advanced implementations of this configu-
ration. However, the mechanical complexity of
its drivetrain system has raised persistent safety
concerns.

In November 2023, a fatal crash involving a V-
22 led to the temporary grounding of the fleet.
According to official information released by the
U.S. Navy, the accident was attributed to the
failure of a propulsion system component within
the proprotor gearbox assembly. The drivetrain
of the aircraft includes critical elements such as
the input quill assembly and the sprag clutch,



which ensure torque transmission and synchro-
nized rotor speed. The reported failure oc-
curred in a manner described as unprecedented,
prompting renewed scrutiny of propulsion sys-
tem reliability and the implementation of addi-
tional safety measures before flight operations
resumed (U.S. Navy, 2024 [1]).

This event is not isolated. Previous accidents
involving the V-22 Osprey have also been as-
sociated with drivetrain-related issues. For ex-
ample, investigations into earlier mishaps iden-
tified failures within gearbox components and
clutch mechanisms that affected torque trans-
fer and rotor synchronization. These incidents
demonstrate the sensitivity of tiltrotor aircraft
to drivetrain integrity, where component mal-
function can rapidly compromise aircraft stabil-
ity and controllability.

The recurrence of drivetrain-related failures in
tiltrotor operations highlights a critical need for
improved modeling, fault prediction, and struc-
tural reliability assessment of power transmis-
sion systems. Despite advances in aerospace
drivetrain design, existing analytical and sim-
ulation approaches may not fully capture com-
plex load interactions, transient behavior, and
failure progression under operational conditions.
Therefore, a systematic modeling strategy is re-
quired to better understand and mitigate the
risks associated with critical propulsion compo-
nents in tiltrotor aircraft.

2. Modeling Strategy

In this work, finite element modeling (FEM) is
carried out for the gear system and the rotor as-
sembly. The gear model captures the structural
and dynamic characteristics of the transmission
elements, while the rotor model represents the
primary load and dynamic response of the ro-
tating system. Together, these models provide
a basis for analyzing the mechanical behavior of
the Tilt rotor drive train.

2.1. Geared System

A typical geared chain system consisting of a sin-
gle simple gear used to regulate the rotational
speeds of two mounted shafts is illustrated in
Figure 1la. A simplified mathematical repre-
sentation of a single gear pair in Figure 1b is
adopted, which can be applied to various gear
types, including spur, bevel, and screw gears.
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Figure 1: Geared Chain System

In this study, the gears are treated as kine-
matically and dynamically ideal components.
Tooth compliance is neglected, and effects such
as non-smooth contact dynamics, variations in
the number of teeth simultaneously in contact,
as well as associated phenomena like rattling
and torque ripple, are not considered. Addi-
tionally, power losses resulting from friction or
other dissipative effects are excluded from the
analysis. Under the assumptions of concentrated
(lumped) masses and a massless, flexible shaft,
the geared system is represented as a purely one-
dimensional mechanical model. This simplified
configuration forms the foundation of the ana-
lytical framework developed in this work.

The free torsional vibration equation of the elas-
tic shaft and rigid disk is

MX +KX =0 (1a)

Input gear,
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Output gear,
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where Ji 2 3 4 are the associated moment of Iner-
tia of the Disks 1,2,3 & 4. K 5 are the torsional
stiffness of the shaft 1 & 2 and 11 2,3 4 are the as-
sociated angular displacement of the Disk 1,2,3
& 4.

The Constriant Equation,

¢ = N33 — Nathp = 0 (2)
Gear Ratio n is defined as,

n=t_M2 3)
Y2 N3

where No& N3 are number of teeth in gear 2 and
3.
The resulting DAEs that describe the con-
strained dynamics problem can be solved di-
rectly considering the Lagrange multipliers as
additional unknowns, resulting in the socalled
redundant coordinate set (RCS) formulation
2.1.2 or by using miminal coordinate set ap-
proach 2.1.1, the problem can be manipulated
and transformed into the corresponding under-
lying ODE problem, reducing the set of coor-
dinates to the truly independent (Lagrangian)
ones Ref. [8].

2.1.1 Minimal Coordinate Set
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here T is the projection matrix.

MTy) 4+ KT =0 (5)
TT(MT+ + KTv) =0 (6)
My + K =0 (7a)

M =TTMT (7b)
K=TTKT (7c)

The reduced order Inertia and Stiffness matrix are as

Ji 0 0
M=|0 Jy+n%J5 0 (7d)
0 0 Ju
K, K, 0
K= |-K K +n’K, —nks (7e)
0 —nKQ KQ 1

In this formulation, Jy + n?J3 denote the equiv-
alent inertia of the gear assembly, transformed
through the gear ratio n. A comprehensive dis-
cussion is provided in the section 3.1.1 address-
ing tiltrotor drivetrain configurations.

2.1.2 Redundant Co-ordinate set

The jacobian of the equation (2) with respect
to (Y1, 12, 13,14) yields the constraint Jacobian
matrix,

¢/x =[0 =Nz N3 0 (8)

This matrix characterizes the linearized relation-
ship between the constraint and the system co-
ordinates and plays a central role in enforcing
the kinematic constraint within the redundant
coordinate framework.

MX 4+ KX +¢jxA=0 (%)

¢,;xX =0 (9b)
. % T

Mo0pXd Pix| [X| 2o (9¢)

0 Of A ¢o,;x 0 A
The resulting system consists of the dynamic
equilibrium equation and the algebraic con-
straint equation, forming a coupled set of differ-
ential-algebraic equations. In matrix form, the
augmented system clearly shows the interaction
between the physical coordinates and the La-

grange multiplier, ensuring that the constraint
is satisfied at all times during the motion.

2.2. Sensitivity of Stability Proper-
ties for LTI Systems

This study is to evaluate the analytical sensi-

tivity for rotor blade and drive train variables.

Here the sensitivity of a Linear Time Invariant

(LTT) system is analysed, details in Ref. [9].

Consider a LTT system,

' = Ax (10)

Its eigensolution is thus the solution of

follows,

(sI — A)X =0 (11)

Once the eigensolution is found, its sensitiv-
ity can be studied by considering the partial
derivative of the eigenproblem with respect to
a generic parameter p, which gives,



s;px —Apx + (sl — A)x/p, =0 (12)

The number of degrees of freedom in Eq. 10 is u.
Eq. 12 provides u equations whereas there are
u + 1 unknowns since both of s/, (1 unknown)
and /, (n unknowns) are needed to be eval-
uated. One more equation is required and it
comes from augmenting the problem with the
eigenvector being normalized with the L*° norm

of X,

gtz =1 (13)

where g is a real valued vector whose elements
are zero everywhere and unity for the index
of eigen vector with largest magnitude. This
method is adopted from an under review Paper
Ref. [6].

which yield,

$/pT — Apx + (sI — A)m/p =0 (14a)
gt z,p=0 (14Db)
o o] o

Now, sensitivity of a system can be studied by
only changing the rhs of Eq. 14.

2.3. Rotating Blade
2.3.1 Rigid Blade Lag Kinematics

Consider a rotor, rotating at a constant angular
velocity  with respect to the airframe. The ro-
tor blades (rigid) are only allowed free lagging
(leag-lag motion &) about a lead-lag hinge that
is offset by e, from the hub center (axis of rota-
tion). In a reference frame that is rotating with
the hub, the blade is subjected to a centrifugal
force which depends on the distance r from hinge
point, but remains in-plane.

Figure 2: Lead-Lag

Considering the lag (or lead-lag) motion alone,
The position of a generic point P on the blade,
in the hub reference system, is

er +1rcosé
p=| —rsin& (15)
0

The Virtual displacement associated with the
generalized coordinate £ is

—rsiné
Op = |—rcos&| & (16)
0

Differentiating Eq 15 gives the relative velocity
due to lag motion:

—rsiné
p=|—-rcos¢| ¢ (17)
0

Differentiating Eq 17 gives relative acceleration:

rsin& —rcosé
p=—|rcos¢| E+ | rsing | €2 (18)
0 0

The first term represents tangential acceleration,
while the second corresponds to centripetal ac-
celeration.

2.3.2 Kinematics in Non-Rotating
Frame with mast motion

The motion of the hub eventually induces mo-
tion on the blade and modifies inertial matri-
ces. The position of a point on a blade in non-
rotating reference frame Q is a function of the
hub the orientation of the blade with respect to
non-rotating frame R times the position of that
point on the blade p in rotating frame.
Position in non-rotating frame:

Q= Rp (19)

where R(1)) is the transformation matrix from
rotating to non-rotating reference frame.

cos®p —siny 0
R = |siny cosyp 0 (20)
0 0 1

Virtual displacement:

0Q = Rép+ Y5 X Rp (21)

where s is the perturbation of hub orientation.



Differentiating Eq 19 gives velocity in non rotat-

ing frame.
Velocity:
Q=QxRp+Rp (22)
where,
0 -2 0
Ax =1 0 0
0 0 0
R=QxR

Differentiating Eq 22 gives acceleration in non
rotating frame.
Acceleration:

Q=OxRp+Rp+2UAx Rp+QxQxRp

(24)
The load in non-rotating reference frame can be
expressed as

Fin = *mé (25&)
F,, = —m(Q x Rp + Rp
+2Q x Rp+ Q x Q2 x Rp) (25b)

2.3.3 Virtual Work of Inertia Forces

The virtual work of the forces acting on the en-
tire blade is

R—e,
Wine = — / 6QT Fy,dr (26a)
0

R—Br .
Wipe = — / QT mQ dr (26b)
0

Wine = — /5§Tm (erQ2 sin &
—rQ(r 4 e, cos€) + T2§) dr
- /5¢Tm ((63 + 2er cos & 4 12)Q (27)

+ T(Té —e,siné € +e, 00555)
—2er SinﬁQé) dr

Linearization about the steady uniform
rotational motion

The system variables are decomposed into a
steady-state rotational component and small
perturbations about this reference motion.

Here, Qg represents the constant nominal an-
gular velocity, and Ay, AQ, A¢ denote small
dynamic deviations from the steady operating
condition.

Q=0+ AQ = Qy+ A¢ (Qy = constant)
= Qot + A

Q= +A0=A0=A¢ (Qp=0)
E=E+AE=AE (€=0)

(28a
(28b
(28c
(28d

~— ~— ~— ~—

The steady conditions Z is as follows,

(€,€,6) = (0,0,0)
(4b0, 10, 100) = (0, Qo, Qot)

The nonlinear system in Equation 27 was lin-
earized about the steady conditions.

-] </R e W) [
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(29)
taking A = & and Ay =

5vvine =

- /R [f?ifm (crerin o] Lﬂ
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The Eq. 30 describes the dynamics of lead-lag
motion of one blade attached with the hub and
explicitly captures the inertial coupling between
the lead—-lag motion and the rotor azimuth .

2.3.4 Dynamics of Multi-Blade, with
Hub Motion

Introducing the first- and second-order moment
of inertia,

R—e,
/ mridr = Jee (31)
0
R—ey
/ mr(er + T‘)dT’ = ng = JTZJE (32)
0
R—epr
/ m(e, +r)2dr = Jyy (33)
0

R—e,
/ mrdr = Sg (34)
0

o= [5] (1%, 718
L) e

The lead-lag rotations of all blades, N, is the
number of blades. Each blade is modeled with
their corresponding lead-lag and hub coupling,
forming a block-diagonal matrix.

Jee —Jey -0 0 &
—Jpe  Jyyp o0 0 U1
0 0 Jee  —Jew| |€n,
0 0 - =Jdye Jyy | by,
eMSe 0 - 0 0] [&

0 0 -~ 0 0|]|w
0 0 Q25 0| | &,
0 0 -~ 0 0] |vn

=0
(36)

Since hub perturbation for all the blades are
same which gives, 1 =Yg = --- = 9,
The constraint equation is given by,

1 — YN,
6 o — (A . (37)
YN, —1 — VN,

Using the minimal coordinate set approach, the
constraint 37 is incorporated into Eq. 36, which
reduces the system to its independent degrees
of freedom while inherently satisfying the kine-
matic constraints.



& 100 0 0

o 000 0 1| [&]

& 010 0 0| | &

Y2 | = [0 0 0 0 1| | : | =7Tq
: &n,

&N, 000 -+ 1 0 [¢n,]

YN, (00 0 - 0 1]

(38)

where T is the transformation matrix and T =
0.

[ Jee  —Jey - O 0
_J¢€ szb 0 0
T S .| Td
| 0 0 o =dye Jyy |
(e, Q2S¢ 0 0 ]
0 0 0 0
-T'| L 1| Tq=0
0 0 e85 0
. 0 0 0 0]
(39)

For our current purposes, we can approximate
hingeless rotor designs using an equivalent artic-
ulated design with an additional root lag spring
of stiffness k¢ and damper c¢, whose contribu-
tion to the generalized forces, according to La-
grange’s formalism, is

foo=—ke & —ce & (40)
&; corresponds to the lag motion of i-th blade.

The resulting equation of motion is

I/ I F A
—Jye o —Jye Npdyy| | )
ce - o o] &1 ]
+ :
0 ce 0] &N,
0 0 0] [ v |
CTQ(Z)Sg + k‘g 0 0 &
: . . — 0
0 6,«9%5& + /{5 0 {Nb
0 0 o | v
(41a)

representing in a symbolic form gives,

MGy, + CoGy, + Kpdp =0 (41b)

Note that the blade inertia submatrix is diag-
onal; however, the coupling terms between the
blade lead—lag coordinates and the hub coordi-
nate introduce non-zero off-diagonal entries, ren-
dering the full inertia matrix non-diagonal be-
cause of the constraint 37.

2.3.5 Multiblade Coordinates

In order to analyze rotorcraft all together
with its rotating and non-rotating components,
the perturbation matrices in rotating reference
frame should be transformed to an inertial ref-
erence frame. For this reason, the multiblade
coordinate transformation is being used.

The coordinate transformation taken from Ref.

9]



Nc
Em = fO + Z [COS(mﬁm) gnc + Sin(nwm) fns:|
n=1

+ (=1)"¢w, /2

42
where, N, is the number of blades, & is (th()e
collective lead-lag motion and &,. & &, are
the cyclic lead-lag motions all of which are in
non-rotating frame , 1, is the azimuth of blade.
&N, /2 of the multiblade coordinates vector, are
only present when NNV is even. The multiblade
coordinates are applicable to rotors with IV, > 3.

&1 1 cos P11 sin 11 cos(2¢1) sin(2¢7)
&2 1 cos g sin o cos(212) sin(2¢2)
fl;lb 1 cos ;/;Nb sin "‘Z)Nb cos(Q;pr ) sin(2:¢JNb )
» 0 0 0 0 0
(43)

the Eq. 43 is written in form ¢, = Hqgp, H is
the multiblade-transformation matrix.
Differentiating FEq. 43 once and twice yields,

G, = Haqp + Hqp (44)
4, = Hap + 204y, + Hdp, (45)

Modeling Eq.
yields,

41 in Mutliblade Coordinates

My gy +Ch gy + Ky qp, = 0

where,
My, = H' M,H
Cy, = H'(CyH + 2M,H)
Ky, = H'(KyH + CyH + My H)
(46a)

(
46¢)
(

If we consider only the 1st-order harmonics,
H and H has no coupling effects with 1.

The first block, consisting of two equations, the
collective lead-lag motion &y coupled with Hub
rotation 1,

w([ 3 [ A8

n [6733505 + ke 8} Eﬂ ) =0 (47)

The coupling between the drive train and the

collective lead-lag motion purely comes from the
inertial loads.

£o

ol
2 s
(_1) 0 §2¢
: §2s
. 0 .
CE RO :
0 1 ENy /2

The second block, consisting of two equations,
the first pair of cyclic ones

(s 2l
2 0 J€§ 515

Lt
—2Jeefdy e &1

CEQQ

n 67«9355 + kg — Jggﬂ%
erQ2Se + ke — Jee O

—Cng
=0

48
Considering only the Inertial, external Daméin;
and centrifugal loads, the cyclic modes shows
no influence on the stability of the drive train
dynamics.



2.3.6 Addition of Mast and External
loading

A commonly used idealization in torsional vibra-
tion analysis assumes a massless shaft with tor-
sional stiffness K, connecting discrete lumped
inertias Jy&Jg and ¢¥p&yp are angular dis-
placement of the disk H & E. This approach
reduces the distributed system to a one-degree-
of-freedom model, here H represents the Hub.

The corresponding shaft work done equation is,

Wnhase = 0%n Ju b + 6vp Jpidp
+ (Y — YE) Kn (Yo — Vr) (49)

whose contribution to the generalized forces is

NoJee  —NyJey 07 4o
—szfwg Nwazp +Jg O i/JH
[Nyce 0 0] [ o
+ 0 0 O |vu
Lo 0 0 L
_Nb(eTQgS£ + kg) 0 0 &o
L 0 _Km Km wE
ffo
=10
0

(50)

and fgq is irrelevant for the stability problem.

This equation explicitly illustrates the coupling
between the collective lead—lag motion and the
torsional oscillation of the hub (or mast). This
coupling originates purely from inertial effects
and plays a significant role in shaping the
modal characteristics of the rotor—drivetrain sys-
tem, influencing both the natural frequencies

and mode shapes associated with the coupled
lead-lag and torsional dynamics.

2.4. Flexible Dynamics

The static rotor blade can be simplified as an
Fuler-Bernoulli cantilever beam. The blade is
discretized into uniform cross-section continu-
ous rotating beam elements. The rotation of
the beam induces centrifugal and Coriolis forces.
The free vibration equations of lagwise motion
can be expressed as

82 1
W (EIZZ('I")V )

_ % (P(r)V') = m(r)Q2V +m(r)V =0

(51)
where (.) = %, EI,. is the lagwise bend-
ing stiffness, m is the mass per unit span, P
is the axial force resulting from the integra-
tion of the distributed centrifugal loads, P(r) =
fTR m(r)Q2 (e, +r)dr, R is the rotor radius, Q is
the rotor angular velocity and e, is the radius of
the hub.

The weak form,

R
/ SV EL.(r)V" + 8V P(r)V"
€
—oVm(r)Q2V +6Vm(r)V dr=0  (52)

By approximating the field variable V(r,t) with
suitable Hermite shape functions.

3. Tilt Rotor Drive Train Con-
figurations

Most existing tiltrotor aircraft employ a sym-
metric drivetrain configuration composed of two
primary gearboxes connected through a cross-
shaft. This interconnecting shaft enables con-
tinuous power transfer and maintains rotational
synchronization between the two rotors. Ad-
ditionally, a central gearbox linking both sides
of the transmission system enhances operational
safety by allowing power redistribution in the
event of an engine failure.

The drive train configurations for tiltrotor air-
craft can be divided into three types, character-
ized by the location of the engine’s and what



portion of the rotor gearbox-engine assembly
tilts.
The Following Data are taken from Ref [2]

Figure 3: Three-view of the XV-15 Tiltrotor Re-
search Aircraft.

The main structural data Ref. [2]|, namely the
mass and chordwise stiffness distributions of
each beam element of the discretized rotor blade
are shown in Fig. 4.
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3.1. Configuration 1

In Configuration 1, the engine is located within
the fuselage, while the rotors are mounted at
the wingtips and are capable of tilting inde-
pendently. This arrangement was characteristic
of early tiltrotor prototypes, most notably the
Bell XV-3, where a single fuselage-mounted en-
gine transmitted power to the tip-mounted ro-
tors through a series of gearboxes and intercon-
necting shafts. The primary advantage of this
design lies in centralizing the engine mass, which
simplifies maintenance and reduces weight at the
wingtips. However, the long power transmis-
sion shafts introduce challenges, including tor-
sional vibrations and additional structural re-
quirements for the wings to withstand transmit-
ted torque. In this configuration, only the ro-
tors tilt to transition between vertical and hor-
izontal flight, while the engine and fuselage re-
main fixed, necessitating precise synchronization
of rotor speeds to maintain balanced lift and
stability. Although largely superseded in mod-
ern tiltrotor aircraft, this configuration provided
critical insights into power transmission, rotor
control, and structural design that informed sub-
sequent developments in tiltrotor technology.
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Right rotor

Left main
gearbox

Right main
gearbox
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Engine |
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gearbox

o
@G
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Figure 7: Topology figure of drive train

The images shown are adapted from Ref. [5].



[ No [ Element Type [ Meaning
1 Rigid disk element Engine
2 Massless shaft element Engine shaft
3 Rigid disk element Engine gearbox
11 Rigid disk element Central gearbox
10,12 Massless shaft element Central shaft
PG Rigid disk element Two stage planetary gearbox
9,21 Rigid disk element Hub
ny Gear ratio Two stage planetary gearbox
ng Gear ratio Central gearbox
ng Gear ratio Engine gearbox
Table 1: Meaning of the elements in topology

figure presented in Fig. 7

3.1.1 Equivalent parameters

The equivalent inertia of a gear system repre-
sents the effective inertial property of multiple
rotating components when referred to a common
shaft. Due to the kinematic constraints imposed
by gear ratios, the rotational speeds of intercon-
nected gears are not independent; instead, they
are related by the transmission ratio. As a con-
sequence, the inertia of each gear must be scaled
according to the square of its corresponding gear
ratio when expressed with respect to a reference
shaft. This transformation allows the entire gear
train to be modeled as a single lumped iner-
tial element, thereby simplifying dynamic anal-
ysis while preserving the system’s kinetic energy
equivalence.

Kepg = Kpg )
Keiz = Kejg = Kiony

Jeg = Je21 = JRotorHub

Jepg = Jpc1 + Jpgani

Jeyr = Ji1,1n7 + J11,27L§n§ + J11 sn%
Jepg = Jpgining + JEG2”%”§"%
Jegp = JEn%n2n

Kepg = Kggning
Keg = KQn%ngng

Table 2: Equivalent Inertia and Stiffness tabu-
lation

3.2.

In Configuration 2, the engines are mounted
in nacelles at the wingtips, and both the en-
gine nacelles and the rotors tilt together dur-
ing transition between vertical and horizontal
flight. This arrangement allows the power source
to remain close to the rotors, significantly re-
ducing the complexity and length of the drive
train compared to fuselage-mounted engines. By
tilting the entire nacelle, including the engine,
this configuration minimizes the torsional loads
on transmission components and improves me-
chanical efficiency. Additionally, it provides a
more direct path for power transmission, reduc-
ing losses and the risk of vibration-induced fa-
tigue in long shafts. Control of rotor speed
and tilt angle is achieved through integrated na-

Configuration 2

11

celle and rotor actuation systems, which enable
smooth transitions while maintaining lift sym-
metry and flight stability. This configuration
has been widely adopted in modern tiltrotor air-
craft, such as the Bell Boeing V-22 Osprey, due
to its combination of mechanical simplicity, re-
liability, and performance efficiency.
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3-bladed @ @ 3-bladed
rotor (Ieft) @ @ rotor (right)

- - - Hub_ N
600 e 6

(Config 3 only){ T }

Hub
R , . -
B o) . )21 B . < B)Ge)
4
T Y(Config 3 only)
x‘
I
@)
Two-stage | 41

planctary
gearbox

Two-stage
planctary
gearbox.

RO

Engine

Engine
gearbox 3

10— 11\—@«7 13
ol gearbox

Center
gearbox

Left ( Right
engine o/ 2 engine

Figure 9: Topology figure of drive train

Figure 10: Configuration2

The images shown are adapted from Ref. [5].

[ No. [ Element Type [ Meaning
1,1 Rigid disk element Engine
2,14 Massless shaft element Engine shaft
3,13 Rigid disk element Engine gearbox

11 Rigid disk element Central gearbox

10,12 Massless shaft element Central shaft

4-8, 16-20 Rigid disk element Two stage planetary gearbox
9,21 Rigid disk element Hub

ni Gear ratio Two stage planetary gearbox
no Gear ratio Central gearbox

n3 Gear ratio Engine gearbox

Table 3: Meaning of the elements in topology
figure presented in Fig. 9



Jeg = Je21 = JRotorHub

Jepg = Jpg1 + Jpgany

Je1r = J11,1n%n§ + J11,2n%n2"i + J11,3n§"§
Jeg = Jeyz = nglnf + J312n1n§ + nggnﬁng
Jey = Jeis = Jpning

Kepg = Kpa

Kepg = Kpgn?

Kejg = Kejp = Klonin%
Keg = Kejq = Kgn%ng

Table 4: Equivalent Inertia and Stiffness tabu-
lation

4.
4.1.

Results and Validation

Gear System
The simple gear model is taken from Ref. [10]

] (6)
9 0
_ (5) L)
7 8
(1) [ -
1 2
(1@ []G[] @
3 4 5 6
Figure 11: A typical tree system with two
branches

Figure 11 shows the simplified torsional gear
train used in this study. The system is modelled
as a lumped-mass parameter branched drive-
train composed of 10 rigid inertias (disks) con-
nected by 6 torsional shafts.

4.1.1 Eigen Analysis

The constrained matrices have been formulated
using the minimal coordinate set approach. The
corresponding eigenvalues are listed below:

FEM Shaft mass Q4 Qo Q3 Q4
Present Neglected 23.0899 41.3224 217.5332 376.9099
Ref [10] 23.0899 41.3228 217.6013 376.9155

Table 6: Natural frequencies (rad/s) of the

geared branch system

The predicted natural frequency results closely
match the reference solution in Ref. [10], with
extremely small differences (maximum relative
deviation about 0.06%). This agreement vali-
dates both the modelling assumptions (lumped
inertias, massless shafts, linear torsional springs)
and the correct implementation of the geared
constraints and ratio mapping in the system ma-
trices.

4.1.2 Sensitivity Analysis

The following figures illustrate how variations
in inertial and stiffness parameters influence a
specific eigenmode. These results are presented
as part of the eigen-sensitivity analysis.

Due to the gear constraints, inertial disks 2, 3,
and 7 behave as a single rigid body. Likewise,
disks 8 and 9 form another dynamically coupled
unit. Nevertheless, the magnitude of the eigen-
value sensitivity is governed by the equivalent in-
ertia of each coupled group and the correspond-
ing gear ratios. Consequently, disks 2, 3, and 7
predominantly excite Mode 3, while disks 8 and
9 primarily excite Mode 5.

[ Disk No. 1 2 3 1 5 6 7 38 9 0|
I; (kg~m2) 1,098.21 111.45 4.07 45.42 26.44 26.44 0.41 33.90 0.04 9.22
Shaft No. 1 2 3 4 5 6

k; (N-mrad'l) 616,897 196,594 3,986,105 7,762,058 219,191 242,917
N- N- N,
Gear ratios 22 22 =8
N3 N7 Ng
n; 51/22 51/11 150/53
Table 5: Moment of inertia and torsional stiff-

ness of each component in the system

The branching is created by the geared connec-
tions, which split the power flow into two paths,
producing a typical tree structure with multiple
coupled rotational degrees of freedom. The iner-
tial properties and shaft torsional stiffness values
used in the model are summarised in Table 5.
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Figure 13: Eigenvalue Sensitivity ["%5-] to
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change in Torsional Rigidity ( T)

Similarly, shafts 1, 2, and 5 are dynamically cou-
pled. As they constitute the primary branch
shafts of the system, they contribute to all vi-
bration modes. However, their influence is most
pronounced in Mode 3.

4.2. Lead-lag Collective & Hub tor-

sional Coupling Validation
4.2.1 Numerical example

For the following mode shapes, the inertial mo-
ments arising from lead—lag dynamics induce os-
cillations in the drivetrain.

ing Blade model in Ref. [10], Modal analysis is
performed using Eq. 50.

[ Components units [ Value |
No. of blades 3
Hub Inertia Jg (kg m?2) 10
Engine Inertia Jg (kg.m?2) 10
Mast Stiffness GJ/l (N.m.rad™ 1) le+5
Blade Root Spring (N.m.rad™1) | 2.4318e+06
Stiffness K¢

Figure 14: numerical values of model parameters

RPM Frequency f1 2

Mode Lead-Lag Collective Lead-Lag Collective
and Hub Torsion and Hub Torsion
(Coupling) (Coupling)

0 Present 15.8238 76.7735
Adams 15.8238 76.7735

200 Present 15.833 79.318
Adams 15.833 79.318

350 Present 15.8482 84.1875
Adams 15.8482 84.1875

Table 8: Natural Frequency, unit: (Hz), Cyclic

modes are not tabulated

The system exhibits one low-frequency mode
associated with hub oscillation, primarily gov-
erned by the rotor inertia Jy,. In contrast, a
high-frequency mode is observed corresponding
to the blade lead—lag motion, which is predom-
inantly influenced by the lead-lag inertia Jg.
Further details regarding the coupling mecha-
nism between collective and torsional dynamics
are provided in Eq. 50. The coupling frequency
depends on the angular velocity €2 of the rotor
and the torsional stiffness of the mast and other
rotor blade parameters. Considering the rotor
parameters as constant, the following plots 4.2.2
and 4.2.3 presents the variation of the eigenval-
ues with respect to the dependent parameters.
The eigenfrequencies identified in this study
vary with rotational speed solely due to inertial
and centrifugal effects.

[ Segment [ 1 2 3 4 5 6 ]
z; (m) [0.4,0.7] [0.7,09] [0.9,1.1] [1.1,1.6] [1.6,5.2] [5.2, 5.6]
mo (kg - m~—1) 55 40 20 15 10 6
EI (N-m?) 8 x 10° 10 x 10° 4 x 109 1.5 x 108 1x10% 0.6 x 108
Table 7: Mass and lead—lag bending stiffness Gyroscopic effects—arising from the coupling

properties of the rotor blade

Results are validated with Adams for the follow-
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between lead-lag and flapping dynamics—are
not considered, as they lie beyond the scope of
the present work.




4.2.2 FanPlot: Hinged Blade

FanPlot
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Figure 15: Eigen Plot

For Mode 1, the coupling frequency exhibits
no variation with angular velocity, indicating a
linear dependency resulting from the increased
shaft stiffness. This mode is particularly critical,
as intersections between the coupling frequency
and excitation frequencies (1€2,...nQ2) are used
to identify potential resonance conditions (criti-
cal speeds).

For Mode 2, the coupling frequency associated
with lower torsional stiffness varies with angu-
lar velocity. However, increasing the torsional
stiffness produces no noticeable response in this
mode.
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4.2.3 FanPlot: Hingeless Blade
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Figure 16: Eigen Plot Hingeless

For Mode 1, behavior similar to the hinged-blade
configuration is observed. However, a higher
mast torsional stiffness is required to produce
noticeable changes in the coupling frequency
with increasing angular velocity. This is at-
tributed to the added stiffness at the blade root.
For Mode 2, a mast with lower torsional stiffness
can exhibit variations in coupling frequency as
angular velocity increases. Even a slight increase
in stiffness, however, renders the system suffi-
ciently stiff that its response to angular velocity
becomes negligible.

It is evident that at higher angular velocities,
both configurations (hinged and hingeless) con-
verge to nearly the same coupling frequency for
lower torsional stiffness. This behavior is likely
driven by the dominant effect of increased cen-
trifugal forces.



For the following Tilt rotor eigen analysis flap-
ping and airloads are not included, taken into
consideration only the Collective-Torsional cou-

pling.

5.

Table 9 compares the first four natural frequen-
cies (f1—f1) of articulated and hingeless rotor
blades at different rotational speeds. Results
from the Transfer Matrix Method (TMM) and
Finite Element Method (FEM) are shown side
by side.

Configuration

5.1. Configuration 2

Equivalent inertia of each component, and
equivalent torsional stiffness of each compo-
nent’s output shaft, Gear ratios in the drive train

system are given in Table 11, 10 respectively.

bladed

) D W)

Ba-B) . 6

[ Mode (RPM) | Rotor | Method | i [ f2 [ f3 |
- TMM 0 61.2676 | 153.9272
0 Articulated FEM 0 61.2677 | 153.9312 . . . .
—— TMM | 168468 [ 90.2789 | 2083165 | Ligure 17: Topology figure of drive train
ngeless FEM 16.8469 | 90.2795 | 208.3223
- TMM 3.7084 | 63.8058 | 156.6721
565 Articulated FEM 3.6825 | 63.7783 | 156.6842
- TMM 17.6077 | 92.5644 | 210.6676 -
Hingeless FEM 17,5836 | 925416 | 210.6897 || Components | Gear Ratio |
- TMM 3.0006 | 62.9468 | 155.7364 : . -
458 Articulated FEM 50845 620088 | 155 7444 ] Engine - Engine gearbox (n3) 19846:8487
Himrelons TMM 173357 917728 | 209.8796 Engine gearbox - Planetary gearbox (n;) 8487:565
mecess FEM | 17.3357 | 91.7728 | 209.8796 Engine gearbox - Center gearbox (n2) 8487:6392
Table 9: Natural frequencies (Hz) of the rotor Table 10: Gear ratios for Drive Train Configu-
blade for different rotational speeds ration 2.
Mode Properties Engine Engine Central Planetary Rotor
(Equivalent) Gearbox Gearbox Gearbox Hub
Helicopter Inertia (Kg.m?) 9.82 1.96 0.6 3.68 7.38
Torsional Stiffness 168e4 41.7e4 3.17e4 8.48e4 -
Airplane GJ(N.m.rad” 1)

From the design point of view it is important to
remove the rotor blade natural frequencies from
the n/rev excitation frequencies over the normal
rotor operating speed range. This ensures that
the blades will be free of resonance under normal
operating conditions. Both configurations listed
below are symmetric, which leads to a symmet-
ric eigenvalue problem. While symmetry simpli-
fies the mathematical formulation and ensures
real eigenvalues and orthogonal mode shapes, it
also introduces challenges. In particular, closely
spaced or repeated eigenvalues may occur, mak-
ing mode identification and tracking difficult,
especially when parameters such as stiffness or
angular velocity are varied. Additionally, nu-
merical sensitivity can arise, requiring careful
discretization and solver selection to accurately
capture the coupled dynamic behavior. The re-
sults of Configuration 2 are presented first, as its
architectural design corresponds to the current
configuration of the XV-15 tiltrotor
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Table 11: Properties of each component in Drive
Train Configuration 2

[ Method 1 [ f2 [ B [ ]

f1
[ FEM (Without Rotor) [ 5.75

[ 1920 | 19.78 | 51.94 | 60.35 | 60.36 ]

Table 12: Natural frequency of Drive Train with-
out Rotor, unit: (Hz)

The proposed drivetrain system modeling and
analysis approach is validated by comparing the
simulation results of Configuration 2 with pub-
lished test data in the literature Ref. [7] [3].

[ Mode [ Model (Method) [ f1 ] 2 [ f3 [ f4
RPM = 565 Ref. [7] 3.67 11.87 13.47 32.21
Helicopter Mode Rigid Blade (FEM) 1.035 11.029 13.252 59.971
Flexible Blade (FEM) - 11.009 13.234 47.4378
RPM = 458 Ref. [7] 3.66 11.83 13.43 32.21
Airplane Mode Rigid Blade (FEM) 1.035 11.023 13.248 59.963
Flexible Blade (FEM) - 11.009 13.234 46.9728

Table 13:
unit: (Hz)

Natural frequency of Drive Train,

It can be found that the results obtained by the
Rigid blade method in Table 13, closely align



with both the test data and results from flexible
blade at low frequencies, thereby illustrating the
effectiveness of the proposed method.

The key outcome of the eigenanalysis is the iden-
tification of critical rotational RPM correspond-
ing to shaft resonances and self-excited vibra-
tions. To facilitate this, a comprehensive set of
charts has been generated Fig. 18, illustrating
these critical values across a broad spectrum of
physical parameters.
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(a) Rigid Hingeless Blade.
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(b) Flexible Hingeless Blade.

Figure 18: Campbell diagram: Configuration 2

The reduction of the first lag natural frequency

of the flexible blade to zero with increasing rota-
tional speed is caused by linear centrifugal soft-
ening, where the distributed spin-induced term
—mQ?V (Ref. 51) acts as negative geomet-
ric stiffness and progressively cancels the elas-
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tic bending stiffness. When the effective stiff-
ness vanishes, the corresponding eigenvalue sat-
isfies w? = 0, indicating a loss of static stability
(divergence-type instability).

Due to the idealized assumptions of perfectly
aligned shafts and lumped mass representation,
the real part of the eigenvalues at the critical
rotational speeds indicates no instability. How-
ever, in practical applications, shaft mass eccen-
tricity or offset may introduce destabilizing ef-
fects, potentially leading to instability near the
resonant frequencies.

5.1.1 Eigen Modes

The following figures illustrate the dynamic be-
havior of the drivetrain, including the symmet-
rical and asymmetrical response patterns of the
system, the rotor hub responses, and the collec-
tive lead—lag motion of the blades, the relative
torsional deformation of each element within the
drivetrain gear system are presented at the cor-
responding natural frequencies associated with
the helicopter mode at 565 rpm. These results
are used to examine the in-phase and out-of-
phase motion of the individual drivetrain com-
ponents.

For the flexible case, the plots show the mode
shapes as functions of the blade radial coordi-
nate. Blades 1, 2, and 3 belong to Rotor 1,
whereas Blades 4, 5, and 6 correspond to Ro-
tor 2, illustrating the variation of the lead-lag
deflection along the blade radial position.

The overlapping responses of the blades within
each rotor (Blades 1-3 for Rotor 1 and Blades
4-6 for Rotor 2) indicate the presence of collec-
tive blade modes, where the blades of a given
rotor move in phase. Furthermore, when con-
sidering the rotors as complete assemblies, over-
lapping responses between Rotor 1 and Rotor
2 signify Asymmetric mode patterns, whereas
non-overlapping responses indicate Symmetric
modes, corresponding to out-of-phase motion
between the two rotors Ref. [7].
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(a) Asymmetrical Mode shape.
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(b) Symmetrical Mode shape.
Figure 19: Mode shape of drive train system

configuration 2

5.1.2 Asymmetric Mode shape

These involve opposite or differential motion be-
tween the left and right sides. For example, one
rotor shaft twists one way while the opposite
shaft twists the other, producing relative motion
across the centerline as shown in Fig. 19a.

5.1.3 Symmetric Mode shape

These involve motions where left and right drive-
train and rotor components move in unison —
that is, both sides twist, bend, or oscillate the
same way relative to the aircraft centerline (mir-
ror motion across the centerline). There is no
differential torque or deflection between left and
right systems in these modes as shown in Fig.
19b.

5.1.4 Mode Shapes for Drive train natu-
ral frequencies

In the illustrated configuration:
e PG1 and PG2 denote the output shafts of
the Planetary gears 1 & 2 respectively.
e EG1 and EG2 denote the output shafts of
the Engine gears 1 & 2 respectively.
e E1 and E2 denote the output shafts of En-
gine 1 & Engine 2 respectively.
e CGI1 and CG2 denote the output shafts of
the central gear assemblies.
The system consists of two independent trans-
mission chains:
e Chain 1 comprises Rotor 1 (Blade 1,
Blade 2, and Blade 3), PG1, EG1, and E1.
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e Chain 2 comprises Rotor 2 (Blade 4,
Blade 5, and Blade 6), PG2, EG2, and E2.
Each chain represents a complete power trans-
mission path from the corresponding engine out-
put shaft to the associated rotor assembly.
The first in-plane mode of the flexible blade de-
creases and eventually approaches zero as the ro-
tational speed increases due to centrifugal soft-
ening. To ensure a meaningful comparison with
the rigid-blade model, the results at a lower rota-
tional speed (100 rpm) are therefore considered.
In contrast, the first natural frequency of the
rigid-blade model remains nearly invariant with
respect to rotational speed, as the rigid formula-
tion does not include distributed spin-softening
effects.
For the following analysis, the eigenmode of the
hinged rigid blade without root damping is pre-
sented in Fig. 23a. This figure serves as a refer-
ence for comparing mode shapes and illustrates
how the introduction of blade stiffness alters the
characteristics of the drivetrain torsional oscilla-
tions and the collective lead—lag response.
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An important observation from the first mode
is that, at low frequencies, the collective blade
motion and hub motion occur in anti-phase. As
the frequency increases, this phase relationship
gradually shifts toward in-phase motion for the
hinged configuration.

The introduction of blade stiffness reduces this
anti-phase behavior and results in lower lead—lag
and hub oscillation amplitudes. Moreover, the
corresponding mode shapes exhibit the same
characteristics as those described in Section
Asymmetric Mode 5.1.2.

At higher modal frequencies, the amplitude of
the collective response increases and becomes in
phase with the hub motion. In comparison with
the first symmetric mode, the planetary shaft
and the central shaft exhibit out-of-phase reso-
nance, accompanied by an increase in oscillation
amplitude.

Analysis of the drivetrain reveals that, at higher
frequencies, the planetary shaft, the central
shaft and Engine gear shaft oscillate in-phase
and the relative torsional twist of the planetary
shafts is higher compared to the central shafts.
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Figure 28: Symmetrical Mode (rpm 565).
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Frequency = 59.936 Hz
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Figure 31: Mode Shapes (rpm 565).
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Since the engine gearbox mechanically couples
the planetary, engine, and central gear stages,
its inertia and output shaft stiffness exert signif-
icant influence on the higher eigenmodes. Mode
4 is primarily dependent on the engine inertia
and the stiffness of its output shaft.
Eigenmodes 6 and 7 exhibit pronounced sensi-
tivity to the collective lead-lag inertia J¢¢ and
stiffness k¢ as illustrated in Fig. 34. In addi-
tion to the lead-lag parameters, these modes
are also significantly influenced by the inertia
of the planetary and central gears, as well as
by the torsional stiffness of their respective out-
put shafts. As discussed in Section 4.2.3, rotor
blade—dependent modes are affected not only by
blade properties but also by the dynamic char-
acteristics of the shafts that connect them to
the transmission system. In the present config-
uration, this coupling is primarily governed by
the planetary shaft, which plays a critical role in
transmitting torsional interactions between the
rotor and the drivetrain.
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5.1.6 Effect of Damping

Root blade lead-lag dampers are incorporated
into the rotor (rigid blade) model to examine
the influence of damping variation on the modal
characteristics of the system. The corresponding
Damped frequency wy for different magnitudes
of lead—lag damping are presented in Fig. 34.
At lower levels of damping, a mild reduc-
tion in the eigenfrequencies of Modes 6 and 7
is observed following the introduction of root
lead—lag dampers (indicated by the blue curve
starting at approximately 100 Hz). Modes 6 and
7 are rotor-dependent, with each mode primarily
associated with one of the two rotors, reflecting
their localized lead—lag dynamics. For higher
damping values, for instance Damping = 4000
units, both modes exhibit a significant decrease
in eigenfrequencies at low rotational speeds. As
the rotational velocity increases, the frequencies
gradually rise due to the dominant effect of cen-
trifugal stiffening.

This behavior demonstrates that these rotor-
dependent modes are highly sensitive to lead—lag
parameters, including damping and inertia, and
that their dynamic characteristics are strongly
influenced by both the magnitude of damping
and the rotational speed.
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RPM Mode Properties Engine Engine Central Planetary Rotor
(Equivalent) Gearbox Gearbox Gearbox Hub
C=10N d~! i i z
a = 1. msra Helicopter Inertia (Kg.m?) 19.64 1.96 0.6 3.68 7.38
& Torsional Stiffness 337e4 41.7e4 3.17e4 8.48e4 -
Airplane GJ(N.m.rad~1)

( Table 14: Properties of each component in drive
train Configuration 1.

& | Components | Gear Ratio |

2 Engine - Engine gearbox (n3) 19846 : 8487

£ Engine gearbox - Center gearbox (ng2) 8487 : 6392
Center gearbox - Planetary gearbox (ni) 6392 : 565

Table 15: Gear ratios for drive train Configura-

X 660.353 ( 794.075 .

° SULTIAE I tion 1.
K 2°° e ™
(b) C = 1000.0 Nms rad™* | Method [ fL [ f2 [ @ | #@ | [ 6 |
[ FEM (Without Rotor) | 7.85 | 10.36 | 31.88 | 32.12 | 134.83 | 235.28 |
anr C= 008 terer” - Table 16: Natural frequency of the Drive Train
o — /’: " without Rotor, unit: (Hz)
i '/«/i:/'j:/':,/'m The proposed drivetrain system modeling and
. ,/j:/:/:i/’/://'sn analysis approach (the Multiblade Coordinate
e ﬁ::ﬁ:-{:}v"/:,/”': rigid-blade model) is validated against both the
) : ﬁ::::::{;;;/;:an Finite Element Method (FEM) and the Transfer
e Matrix Method (TMM), as summarized in Table
‘ :7';'5;:;/(794.4" "/'/'/X‘fgﬁ'm 17. Additional details regarding the TMM for-
N e mulation and its implementation are provided in

0 200 400 RS::A 800 1000 1200 Appendix ??.
(¢) C = 4000.0 Nms rad™* I Mode [ Model (Method) | fi_ | f2 | 8 | fa
RPM = 565 Rigid Blade (FEM) 1.069 6.874 28.0 28.268
. P Helicopter Mode Flexible Blade (FEM) - 6.871 27.9299 28.1883
Flgure 34: Damped frequency Wq (HZ) plot for Fle::ilble Blade (TMM) - 5.1393 | 27.7908 | 27.9241
. . RPM = 458 Rigid Blade (FEM) 1.069 6.873 27.988 28.256
Varying Lead-Lag Damping Airplane Mode | Flexible Blade (FEM) - 6.871 | 27.9178 | 28.183
Flexible Blade (TMM) - 5.1685 27.7707 27.9036
5.2. Configuration 1 Table 17: Eigen Analysis, unit: (Hz)
Gear ratios, equivalent inertia of each compo-
nent, and equivalent torsional stiffness of each The addition of rotors reduces the operating fre-
component’s output shaft in the drive train sys- quency of the gear system. In the following anal-
tem are given in Table 14, 15 respectively. ysis, Flexible hingeless blades results are also

shown. All cyclic modes and modes without tor-
sional—collective coupling are excluded.
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Figure 36: Campbell diagram: Configuration 1

The reduction of the first lag natural frequency
of the flexible blade to zero with increasing rota-
tional speed is caused by linear centrifugal soft-
ening, where the distributed spin-induced term
—mQ2V (Ref. 51) acts as negative geomet-
ric stiffness and progressively cancels the elas-
tic bending stiffness. When the effective stiff-
ness vanishes, the corresponding eigenvalue sat-
isfies w? = 0, indicating a loss of static stability
(divergence-type instability).

5.2.1 Eigen Modes Shapes for Drive
train natural frequencies

The following figures illustrate the dynamic be-
havior of the drivetrain, including symmetrical
and asymmetrical response patterns, rotor hub
responses, and collective lead—lag motion of the
blades.
each drivetrain element is shown at the natu-
ral frequencies corresponding to the helicopter
mode at 565 rpm, highlighting in-phase and out-
of-phase motion of individual components.

The relative torsional deformation of
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For the flexible case, mode shapes are plot-
ted along the blade radial coordinate. Blades
1-3 belong to Rotor 1, and Blades 4-6 to Ro-
tor 2, showing the variation of lead-lag deflec-
tion. Overlapping responses within a rotor indi-
cate collective blade modes, while overlapping or
non-overlapping responses between rotors corre-
spond to asymmetric or symmetric modes, re-
spectively [7] & [4].
Eigenanalysis reveals both symmetric and asym-
metric mode shapes, which are discussed in de-
tail in Section 5.1.3.
In the illustrated configuration:
e PG1 and PG2 denote the output shafts of
the Planetary gears 1 & 2 respectively.
e CG1 and CG2 denote the output shafts of
the Central gear.
e EG denote the output shafts of the Engine
gear.
e E denote the output shafts of Engine.
The system consists of two independent trans-
mission chains:
e Chain 1 comprises Rotor 1 (Blade 1,
Blade 2, and Blade 3), PG1, CG1, EG, and
E.
e Chain 2 comprises Rotor 2 (Blade 4,
Blade 5, and Blade 6), PG2, CG2, EG, and
E.
Each chain represents a complete power trans-
mission path from the corresponding engine out-
put shaft to the associated rotor assembly.
The first in-plane mode of the flexible blade de-
creases and eventually approaches zero as the ro-
tational speed increases due to centrifugal soft-
ening. To ensure a meaningful comparison with
the rigid-blade model, the results at a lower rota-
tional speed (100 rpm) are therefore considered.
In contrast, the first natural frequency of the
rigid-blade model remains nearly invariant with
respect to rotational speed, as the rigid formula-
tion does not include distributed spin-softening
effects.
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Figure 38: Flexible Hingeless Blade.

Figure 39: First Symmetrical Mode (rpm 100).

A consistent modal trend is also observed in
Configuration 1. In the low-frequency regime,
the central shaft exhibits a larger vibration am-
plitude than the planetary shafts, indicating
its dominant participation in the fundamental
mode. Moreover, the shafts predominantly vi-
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brate in phase, confirming that the first mode
corresponds to a global synchronous motion of
the drivetrain system.
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Figure 42: First Asymmetrical Mode (rpm 565).
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Figure 44: Flexible Hingeless Blade.

Figure 45: Asymmetrical Mode (rpm 565).

An important observation from the first mode
is that the lead—lag collective motion and the
hub motion occur in anti-phase at low frequen-
cies, indicating a dominant relative motion be-
tween the rotor and hub assembly. As the fre-
quency increases, this phase relationship grad-
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ually transitions toward in-phase behavior, sug-
gesting a redistribution of modal participation
within the system. Simultaneously, the plane-
tary shaft amplitude increases significantly and
begins to oscillate out of phase with the central
shaft, with both shafts exhibiting nearly equal
magnitudes. This behavior reflects stronger dy-
namic coupling within the drivetrain and indi-
cates a shift from a predominantly centralized
mode to a more distributed modal response in-
volving multiple shafts.

The engine gearbox shaft exhibits small oscil-
lations in the asymmetrical mode and remains
essentially stationary in the symmetrical mode.

5.2.2 Sensitivity Analysis of the Drive
System with Rigid blade

Variations in the rotational speed 2y do not sig-
nificantly affect the sensitivity of the eigenvalues
with respect to the other drivetrain components.
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Figure 46: Eigenvalue Sensitivity [”‘;‘f] to
change in Polar Moment of Inertia.

Same like the configuration 2, the first two
modes are sensitive to rotor parameters Jy,, and
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show a little sensitivity towards the planetary
shaft (as discussed in section 4.2.3) and the cen-
tral shafts.

Sensitivity to Planetery Shaft

da/dGJ1

S e

-8 2
o
~
S
s
m
£
~
©
©

dA/dGJ2

dA/dGJ3
°
o & =

d\/dGJ4

(a) Chain 1.

Sensitivity to Planetery Shaft

d)/dGJS
°
s e
8=

o
o
~
@
s
o
£
~
©
©

d\/dGJ6

dA/dGJ3
o
o & =

d\/dGJ4

(b) Chain 2.

Figure 47: Eigenvalue Sensitivity [“;f] to
change in Torsional Rigidity of the Gear and En-
gine shaft.

Modes 3 and 4 are predominantly influenced by
the inertia and stiffness of the planetary gears,
with only minor sensitivity to the central gear
parameters, reflecting their higher participation
in localized planetary dynamics. Modes 5 and
6 correspond to the collective lead—lag motions
and are mainly governed by the rotor param-
eters, hub inertia, and planetary shaft stiffness,
indicating strong coupling between the rotor and
drivetrain in these modes. Since the engine
and engine gearbox initiate power transmission
through the system, they contribute more sig-
nificantly to the higher-frequency modes, where
their dynamic participation affects the overall
modal response of the drivetrain.
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5.2.3 Effect of Damping

Root blade lead-lag dampers are incorporated
into the rotor (rigid blade) model to examine
the influence of damping variation on the modal
characteristics of the system. The corresponding
Damped frequency wy for different magnitudes
of lead—lag damping are presented in Fig. 48.
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Modes 5 and 6 form a pair of nearly identical
eigenfrequencies, each corresponding to one of
the two rotors. These modes are strongly gov-
erned by the collective lead—lag parameters and
represent higher-frequency dynamic behavior.
The introduction of root lead—lag dampers re-



sults in a noticeable increase in damping specif-
ically in these modes, while only marginal and
barely perceptible changes are observed in the
remaining modes, indicating limited coupling
with other dynamic components.

Furthermore, the influence of angular veloc-
ity is significant. As the rotational speed in-
creases, centrifugal stiffening enhances the effec-
tive blade stiffness, leading to an upward shift
in the associated natural frequencies. Conse-
quently, at lower angular velocities, Modes 5 and
6 exhibit more pronounced damping effects due
to their strong dependence on lead-lag dynam-
ics. However, with increasing angular velocity,
these modes progressively shift toward higher
frequencies, and the relative impact of the added
damping becomes less dominant.

6. Comparsion of Drive Train

configurations

Taking into account the initial operating fre-
quencies of both configurations, the root-mean-
square (RMS) torque in each shaft has been
computed and plotted for the eigenfrequencies
of the two configurations for comparative anal-
ysis.

All lumped masses and shafts are assumed to os-
cillate with respect to the blade reference frame,
so that torque is transmitted directly from the
rotor blades to the drivetrain. In comparison to
Configuration 1, the central gear shaft in Con-
figuration 2 experiences lower torque, whereas
the planetary gear shafts in Configuration 2 are
subjected to higher torque relative to Configu-
ration 1. This behavior is primarily due to the
difference in power transmission paths: in Con-
figuration 1, the primary chain originates from
the engine and its gearbox, causing the associ-
ated shafts to carry significantly higher torque
loads.

The observed differences highlight the impor-
tance of torsional load distribution in drivetrain
design, as the torque experienced by individual
shafts directly affects component sizing, fatigue
life, and overall system reliability.
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Mode Frequency Range = 6.875 - 6.876 Hz, C=1.0 Nmsrad™
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6.1. Effect of Dampers Mode Frequency Range = 11.007 - 11.017 Hz , G = 4000.0 Nmsrad™
0 ‘ ‘ : : ‘

A comparative analysis was performed between Ezo

symmetric and asymmetric modal responses of | ‘ ‘ R
the drive-train system under two conditions: (i) ’ L m ™
uniform blade damping across all blades, and (ii) > ‘ ‘ ‘ =
one blade damper rendered inoperative, thereby i —]
introducing an imbalance between Chain 1 and ” P s w0 o R
Chain 2. -
The results demonstrate the critical importance Eoos =
of asymmetric modes in drive-train dynamic ol . ‘ ]
analysis. Under symmetric modal excitation, ’ = e o

the inoperative damper condition does not pro-
duce significant changes in the global drive-train
response. This is expected, as symmetric modes Mode Frequency Range = 11.006 - 11017 Hz , G = 4000.0 Nmsrad™
inherently assume identical left-right system be- e ‘ ‘ ==
havior, resulting in no differential torque trans- E“"’ 2
mission through the interconnect (central gear) L .
shafts. ‘ o
In contrast, the asymmetric modal response re-
veals pronounced variations in torque within the
central gear shafts when a blade damper is inop-
erative. The introduced imbalance between the
two rotor chains generates differential dynamic
loading, which is directly captured by asymmet-
ric modes. These modes therefore provide a
more realistic representation of the drive-train (b) Asymmetrical Mode (One Blade Damper In-
behavior under off-nominal or fault conditions. Operative)
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The observed torque perturbations in the inter-
connect shafts suggest that asymmetric modal
analysis is essential for accurately predicting
load redistribution and dynamic amplification
effects. Furthermore, these perturbations may
become more significant when external aerody-
namic loads are introduced, potentially leading
to additional coupling between structural and
aerodynamic excitations.

Comparing Configuration 2 with Configura-
tion 1, the asymmetric modes exhibit negligi-
ble changes on the central interconnect shafts
for both uniform damping and the one-damper-
inoperative cases. Only the torque on the engine
gear shaft and engine shaft shows minor varia-
tions, attributable to the reduction in damping
magnitude.
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Mode Frequency Range = 6.875 - 6.876 Hz , C = 4000.0 Nmsrad™'
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7. Conclusions

This study presents the modeling and analy-
sis of a coupled flexible rotor—drivetrain sys-
tem for the Tilt rotor configurations. The re-
sults demonstrate that the drivetrain is primar-
ily coupled with the rotor collective lead—lag
modes. This is evident from the eigenmode
shapes obtained for the two configurations, using
both the finite element model (FEM) of flexible
blades and the transfer matrix method (TMM).
The results from these approaches show good
agreement with those derived from the mathe-
matical model formulated using multi-blade co-
ordinates (MBC), thereby validating the pro-
posed methodology. Specifically, decomposing
the lead—lag response into collective and cyclic
components and retaining only the component
that directly influences the drivetrain while elim-
inating the non-coupled components enables ef-
fective model order reduction and enhances over-
all computational efficiency without compromis-
ing accuracy. Overall, the study confirms that
while symmetric modes are adequate for base-
line balanced configurations, asymmetric modes
are crucial for evaluating faulted or imbalanced
conditions in the drive-train system.
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