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Abstract

The integration of a variable speed rotor system in rotorcraft has the potential to improve power efficiency under
certain flight conditions. In this work, a continuously variable transmission is implemented by incorporating
electrical variators. The dynamics of the drivetrain shaft under variable speed is analyzed by using a multi-
software co-simulation environment. An innovative adaptive control strategy is developed to address shaft
vibration issues utilizing the highly dynamic variators.
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NOMENCLATURE tirans transition time S
Symbols Viip blade tip speed m/s
1/rev per rotor revolution -
A rotor disk area m? Indices
Q@ angle of attack deg opt optimal
b chord m ref ref
1) section lift coefficient © Abbreviations
Cr thrust coefficient e Compound Split
Cr/o blade loading " FFT Fast Fourier Transform
e unsteady drag force N/m MCP Maximum Continuous Power
L unsteady lifting force N/m NDARC  NASA Design and Analysis of Rotorcraft
My unsteady pitching moment N Software
Ma Mach number - TSE Turboshaft Engine
I advance ratio -
rotor rotational speed rad/s
w1 pitch rate of airfoil rad/s
Pahart shaft power W
R blade radius m
P density kg/m>
o rotor solidity -
T shaft torque Nm
pitch angle of blade deg
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1. INTRODUCTION

Recently, research on variable main rotor speed for
different helicopter configurations is performed. The
concept is driven by the possibility to reduce noise
and vibration, extend range and reduce environmental
impact by improved power efficiency, thus enhancing
overall helicopter performance. This paper focuses on
potential power savings by adjusting the main rotor
speed depending on the actual flight state.

It is shown that the optimal drive train concept
providing speed variation is influenced by the spe-
cific helicopter configuration and its use case. A
dual-speed, clutched stage gearbox is particularly
suitable for tilt-rotor concepts, whereas continuously
variable transmission is especially beneficial for utility
helicopter applications [1]. The study shows that a
maximum additional empty weight of up to 450 kg
for maritime SAR mission and up to 200 kg for troop
transport mission can be achieved from fuel savings
due to variable main rotor speed. Here the UH-60A
with a classical single main-rotor/tail-rotor design is
chosen as reference for the continuous variable gear
design proposed in this paper. A UHG60-A study
performed with the conceptual design tool NDARC
shows that power savings up to 20 % are possible by
varying the main rotor speed in the range from —30 %
to +10% [2], see fig. 4.

The continuous variable transmission is realized by
two compound split modules (CS), with one integrated
into the power path of each turboshaft engine. Each
CS consists of two nested planetary gear stages and
two electrical variators. By adjusting the rotational
speed of the variators, the overall gear ratio of the
entire drive train can be changed. For further details
on the concept, please refer to reference [3].

The scope of the present paper involves a coupled sim-
ulation approach of the main rotor and drive train to-
gether. Recent research on rotor-drive train interac-
tion reveals that relevant coupling effects of the drive
shaft have to be considered. An analytical, simpli-
fied model of the coupled rotor, engine and drive train
is derived in Ref. [4] under neglect of the rotor aero-
dynamics. It is found that the fundamental collec-
tive lag mode of a four bladed articulated rotor has
the strongest coupling with the engine/drive train. In
contrast, the differential collective, regressing and pro-
gressing lag modes do not couple with the drive train
since they exert no summed torque about the rotor
hub.

In Ref. [5], a modally reduced torsional drive train sys-
tem is coupled to the UH-60A main rotor. It reveals
a decrease in the chordwise blade bending moments
and a reduction of the 8/rev shaft torque due to the
coupling.

Weiss et al. investigates the influence of the drive
train especially for a hingeless rotor [6]. Analogous to
Ref. [4], it is found out that the drive train significantly
influences the collective lag modes. The physical effect
of the coupling is linked to the drive train inertia as
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well as the drive train stiffness. In his dissertation,
Weiss validates this also for the articulated UH-60A
rotor [7].

2. METHODOLOGY

To investigate the drive train dynamics, a co-
simulation environment consisting of turboshaft
engine (TSE), compound split module (CS) and main
rotor is established. A detailed mathematical model
of the GE T700-701C turboshaft engine that is used
in the UH-60 helicopter was derived earlier within
the framework of this project. It essentially describes
the dynamics of the compressor spool and the power
spool using the principle of angular momentum. For
more details on the model, please refer to [8]. Since
the scope of this paper is the dynamics of the com-
pound split gear and the main rotor, the dynamics
of the turboshaft engine are neglected. The engine is
considered to be a stationary power source operating
at a fixed speed.
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FIG 1. Scheme of the drive train co-simulation environ-
ment consisting of turboshaft engine (TSE), com-
pound split module (CS) and main rotor

L Co-Simulation Environment

The model of the compound split gear describes the
dynamics of the gear shafts, i.e. sun wheel, planetary
carrier, ring gear and the electrical machines of the
variators. To derive a state space formulation of the
CS, the method of Lagrangian mechanics is used. The
derivation of the mathematical model is explained in
section 4.

A detailed model of the main rotor is required to
study the coupled dynamics of the drive train. The
comprehensive analysis tool Dymore is used for this
purpose. The implementation of the UH60 similar
main rotor is described in section 3.

Because the requirements for modeling the rotor
and drive train system are particularly specific and
multidisciplinary, a dedicated framework has to be
developed. For this purpose, MATLAB Simulink is
chosen as the common simulation environment. All
three components of the simulation are modeled in
this software. The first-order differential equations
of the CS are implemented directly in a Simulink
subsystem, as well as the modeling of the turboshaft
engine. The Dymore source code is originally written
in C. The MATLAB Executable (MEX) feature is
used for integration into Simulink. This API provides
a seamless interface for using C code within Simulink.
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The main Dymore functions can therefore be used
directly as if they were built-in functions, referred to
as "Symore".

3. ROTOR MODEL

The modeling of the main rotor is performed using
the simulation tool Dymore. It is a finite element
based multibody dynamics code with integrated
rotor aerodynamics modeling to capture rotor blade
elasticity.

The structure of the rotor blades is modeled with
the geometrically exact beam theory developed by
Bauchau [9]. Cross-sectional structural properties of
the blade serve as input for the one-dimensional beam
analysis.

The inflow of the rotor is captured using the imple-
mentation of the Peters et al. dynamic inflow model
included in Dymore [10]. The effects of the unsteady
wake in the rotor plane are represented by means
of a state-space formulation. The inflow velocity is
determined by discretizing the rotor disk in radial and
angular direction using Fourier series expansion for
the azimuth. For the simulation of the UH60-similar
main rotor, the inflow is discretized using 12 modes,
corresponding to 91 states. This was chosen to fit to
the radial discretization of the blade airloads by 81
airstations and a timestep of At = 0.001s, leading to
an azimuthal resolution of 232 steps per revolution at
nominal rotor speed of Q,.y = 4.3 Hz.

Since the focus is on the analysis of transient speed
variation processes, a suitable aerodynamics model is
integrated in order to be able to capture relevant tran-
sient effects that affect loads arising during switching
processes. The steady airloads are computed with the
table-look-up method providing airfoil lift, drag and
moment coefficients. The UH60 blade consists of the
SC1095 airfoil in the inner and outer section and the
cambered SC1094R8 airfoil between 0.47R and 0.85R
for increased maneuverability [11]. The calculation of
the airloads is performed at the 81 discrete, radially
distributed airstations, taking into account the corre-
sponding airfoil. The airstations are rigidly connected
to the beam model of the rotor blade and thus serve as
the interface between the structural and aerodynamic
models. The airloads are transmitted to the beam,
while the nodal points experience the displacements
and velocities resulting from the FEM analysis, which
are considered for the unsteady aerodynamics. In
addition to the steady airloads, an unsteady part
is superimposed, obtained by the Peters model [12].
The model is generally defined for flexible profiles.
However, for the implementation in the simulation
environment, a rigid 2D cross-section is assumed,
which can be considered as a good approximation.
This leads to simplified formulas for the airloads
around the aerodynamic center governed by the pitch
rate wi, pitch acceleration w; and acceleration of the
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incident flow perpendicular to the chord v,3:

2
LY = agpb®Uswy — aop;%z&

(1a)

(1b) DE =0
(1c) Myp = —a Ew —éL“5
NP = 0/016 1735

where p is the density, b is the chord, U; denotes the
component of the incident flow parallel to the chord
and ag corresponds to the theoretical value of the lift
curve slope, 27.

3.1. Power Savings

From a physical point of view, the most efficient ro-
tor is optimized for both induced and profile power,
referred to as optimum rotor. This is achieved when
each blade section operates at optimum lift-to-drag ra-
tio L/ D, corresponding to an optimum angle of attack
opt- In practical blade designs, not all blade sections
can operate at a,pt, but there is an optimal pitch an-
gle 0,p: for which the average lift-to-drag ratio of the
entire blade is optimized.

The lift-to-drag ratio over angle of attack for the two

SC1095 airfoil

90

L/D ratio in -

FIG 2. L/D ratio of SC1095 airfoil

SC1094R8 airfoil

) )

920

L/D ratio in -

FIG 3. L/D ratio of SC1094R8 airfoil

airfoils of the UH60 blade is shown in fig. 2 and fig.
3. It can be seen that the optimum angle of attack
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Qopt is dependent on the flow velocity, for higher mach
number, oy, decreases to smaller values:

@ (5) = (&) =rm o= som

By means of the blade element theory, a proportional
relation between the blade loading Cr /o, describing
the ratio of the rotor thrust coefficient to the solidity,
and the mean lift coefficient ¢; of the entire blade can
be established:

Cr T

®) E por A (QR)? xa

In conclusion, a rotor operating at optimum mean lift
coefficient ¢;,,,; with best lift-to-drag ratio corresponds
to one optimum blade loading (Cr/o)ep:. For the
UHG60, the design blade loading lies in the range be-
tween 0.09 to 0.1. As a consequence, tip speed or rotor
speed has to be increased for high blade loading flight
conditions and decreased for low blade loading flight
conditions in order to get back to the design blade
loading with best efficiency.

In the scope of the preceding project VARISPEED
I, a power efficiency study regarding variable rotor
speed over the whole flight envelope of the UH60 was
performed using the conceptual design tool NDARC,
cf. fig. 4. Possible power savings at optimal ro-
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FIG 4. possible power savings (a) and corresponding opti-
mum rotor speed (b) within UH60 flight envelope,
taken from [2]

tor speed were investigated at discrete flight states
in the flight envelope, spanned by the advance ra-
tio pres and the blade loading (Cr/0)rer. The ,ef
subscript denotes the normalization with reference tip
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speed Ath-pmf = 221 ms~! instead of the actual varied
tip speed for better comparison of the different flight
states. The previously derived trend of decreased rotor
speed at low blade loading and increased rotor speed
at high blade loading for optimum efficiency is clearly
apparent in fig. 4b. Equation 3 shows that the blade
loading is proportional to thrust and inversely propor-
tional to density, Cr/o o< T  1/p. This means that
the same optimum rotor speed has to be achieved when
thrust is increased as when density is decreased by the
same relative amount. From fig. 4a, it is also appar-
ent that the optimum blade loading is decreasing with
increasing advance ratio or mach number, since the
blade loading with no possible power saving decreases
from 0.1 in hover to 0.09 in high speed flight condition.
Considering eq. 2, the following causal chain can be
derived:

C
(4)  Mat—=apm,, b= b — (f) !
opt

In contrast to the low-fidelity NDARC study, which
was performed only for discrete flight states using sur-
rogate models, the focus of the present work is on
time-transient rpm change operations using the high-
fidelity simulation tool Dymore. To verify the pos-
sible power savings obtained from NDARC, specific
points in the flight envelope are simulated with Dy-
more. In general, the Dymore simulation results show
the same trends obtained with NDARC. The absolute
power savings computed with Dymore are underesti-
mated by 1% to 5 % compared to NDARC. Next to the
differences in the modeling, this could arise from the
calculation of the power requirement. While NDARC
considers transmission and accessory losses for the to-
tal power consumption, Dymore only takes into ac-
count the main rotor shaft power calculated from shaft
torque and rotor speed, Pspqpe = 1" - €. For the anal-
ysis of time-transient rotor speed switching, the next
section considers a case with low blade loading and
reduced rotor speed, and a case with high blade load-
ing and increased rotor speed, for both of which the
largest possible power savings are identified.

3.2. Transient Rotor Speed Variation

For the investigation of transient changes in rotor
speed, the fanplot is considered to be an important
analytical measure. It reveals regions in the variable
speed range, where resonance of blade eigenmodes
could occur due to the operation near higher har-
monics of the rotor speed. The fanplot of the UH60
similar rotor modeled in Dymore is shown in fig. 5.
The plot is generated by a static structural analysis
of a single blade without considering aerodynamic
effects. Centrifugal forces are applied to the blade
in a quasi-stationary manner for each distinct rotor
speed level. The continuously variable transmission
allows the rotor speed to be varied between 75%
to 110% percent of the reference rotor speed. For
increasing rotor speed, the fanplot does not show any
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FIG 5. fanplot of the Dymore rotor

critical resonance crossings of the eigenmodes. When
slowing down the rotor, an interference between the
third flapping mode and the second lag mode with
the fifth rotor harmonic is observed at 86 % (s resp.
92 % ey, marked red in fig. 5.

To investigate the resonance effects in the identified
range, a transient rotor speed variation simulation is
performed using Dymore. A forward flight condition
with advance ratio of p = 0.15 is used to account for
aerodynamic effects due to the far field flow. The
rotor speed is varied from 100% ycf to 80% Qe
using a half-period cosine function to smooth the start
and end of the switching process. Since it is expected
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FIG 6. rotor speed curves for different transition times

that faster passage through the resonance point can
suppress the rising structural oscillations, simulations
using various transition times are performed. The
resulting rotor speed curves are shown in fig. 6.

The corresponding blade lag angle is shown in fig.
7. It is measured at the lag hinge on the blade
attachment. A Butterworth filter with a cut-off
frequency of 2Hz is applied to the sensor signal to
suppress the 1/rev oscillation for better readability. It
is noticeable that for transition times up to 65, the lag
angle remains within an acceptable range. By further
increasing the transition time, i.e. slowing down the
passage of the resonance crossing, the lag oscillation
is excited to an unacceptable level where the lag
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FIG 7. filtered lag angle at different transition times

damper fails. The rotor speed at which resonance
starts is identified to be 87 %-89 % (c.f. fig. 6), which
corresponds to the resonance crossing of the third flap
and second lag mode observed in the fanplot in fig. 5.
Remarkably, resonance only occurs when accelerating
the rotor from 80% ey to 100% ., not when
slowing it down from 100 % Qs to 80 % Q,.s. This
non-linear resonance behavior was also observed by
Chandrasekaran in [13].

It has to be noted that these simulations were per-
formed using the steady aerodynamic model described
at the beginning of sec. 3. Further simulations
taking into account additional unsteady aerodynamic
effects with the Peters model (cf. eq. 1) showed that
no resonance occurred in this case. The structural
motion of the blade is therefore strongly influenced
by the underlying aerodynamic model. The unsteady
effects apparently lead to an additional damping of
the lag motion.

In order to examine the behavior of the shaft torque
during rotor speed variation, two specific cases with
low and high blade loading condition are considered.
The flight state with the most possible power savings
at reduced rotor speed was identified for blade loading
Cr/o = 0.05 and advance ratio p = 0.1, correspond-
ing to an optimum rotor speed of Qupr = 80 % Qe
For this flight condition, the rotor speed was varied fol-
lowing the same method illustrated in fig. 6. The in-
cluded trim algorithm keeps the thrust constant during
rotor speed variation by adjusting the pitch angle of
the blades, yielding to a variation of the shaft torque.
The response of the shaft torque as the rotor speed
varies is shown in fig. 8. The signal was filtered us-
ing a Butterworth filter to eliminate 4/rev oscillations
to improve readability. The lower section of the chart
indicates the rotor’s slowdown to Qo = 80% Qe
(left arrow) , whereas the upper part displays acceler-
ation to the reference rotor speed (right arrow). Again,
simulations with different rotor speed time transients
were conducted. For a transition time shorter than
tirans = 3s, the shaft torque becomes negative, in-
dicating that a braking torque would have to be ap-
plied to achieve such brief slowdown of the rotor. To
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FIG 8. shaft torque during rotor speed variation for low
blade loading condition, Cr/c = 0.05 and p = 0.1

quantify the power savings, the shaft power is calcu-
lated by multiplying shaft torque with the rotor speed,
Popape =T - Q. As fig. 8 indicates, the shaft torque
at 80 % Qycy is only marginally higher than that at
reference rotor speed, resulting in a power reduction
of APgpare = 16.25%.

Next to a flight state with optimum rotor speed below
reference speed, a high blade loading condition with
increased rotor speed is considered. For Cr/o = 0.125
and an advance ratio of u = 0.2, the optimum rotor
speed was identified to be Qopr = 110% Q5. Fig. 9
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FIG 9. shaft torque during rotor speed variation for high
blade loading condition, Cr /o = 0.125 and p = 0.2

illustrates the progression of shaft torque during tran-
sition to the optimum rotor speed. Since the decrease
in torque surpasses the increase in rotor speed, a re-
duction in power consumption of APq.5 = 15.89 %
is achieved. For the acceleration of the rotor with a
transition time of t4.4ns = 2, the shaft torque reaches
a maximum value of 96000 N m. In this case the in-
creased load on the shaft may exceed the limit of the
structural design. This issue can be resolved by direct-
ing the controller design to prescribe longer transition
times, which should not pose an issue since no res-
onance crossing was observed for rotor speeds above
reference speed (cf. fig. 5).
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4. COMPOUND SPLIT MODULE

The proposed gear design requires active control in
order to be able to fully utilize all advantages (Ref.
[14]). Furthermore, a method for active damping of
the drive train for the entire speed range should be
designed. Active damping of a drive train is illustrated
in Ref. [15], where a simple dynamic rotor model is
also considered. The schematic of the compound split
(CS) is shown in fig. 10. The CS counsists of the serially
connected planetary gears and the two electric motors.
The kinematics of the system are reduced to the con-
trol relevant states ws and wee and shown in eq. 5.

we 1 0
W _rsitmroF2rcirsa 4roires
EM TRITR2IEM TR1TR2
w _ Ts1TR2+TC1Ts2 2rcarce
pl Tp1TR2 2TR2Tp1
Ts2TC1 rcercl
Vp1 —le2fcn £raalc W
(5) p — TR2 TR2
__ Ts2 2rca
WEG TR2IEG TR2IEG we2
we2 0 1
Vp2 0 ro2
_Ts2 TC2
L CUPQ - L Tp2 Tp2 -

To get the differential functions for this model the La-
grange method is applied. For this reason, the kinetic
and potential energy is needed

(6) T=> Meai- g

M,.cq; are the reduced masses for the degree of freedom
of q;.
The total kinetic energy Ty, of the system is

(7) X
T= §[Jengwgng + JGlle + (JG12 + Jsl + Js2)w§
+ Jorwdy + Jpiwdy + mpivi + Jriwk,
+ JEMU)QEM + (JCQ + JGQQ)W%«Q + Jp2w§2 + mpgvfﬂ
+ JRQU)%%2 + JEGU)QEG + Jgglw?\/[ + JRWIQ%]
The potential energy of the torsion springs with stiff-
ness k; is given by

1
(8) V= §(kslA§ng + ksZA(P?WR)
The generalized forces (); are obtained by the virtual

work through virtual displacements along the general-
ized coordinates:

(9) JA =" Q;- dq;

Therefore the virtual work in the system is determined
to
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FIG 10. Schematic of the compound split module and the power drive units
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In order to describe the behavior of the system, the
Lagrangian equations with the generalized coordinates
are introduced:

d 0T oT ov
11 — — =
(1) 95 " ag T o

Qi

By inserting the derivations of the equations for ki-
netic energy and potential energy into the Lagrangian
equations, the resulting differential equations describe
the motion of the respective system:

(12) M(q)j+ C(q)g+Kq=0

Considering (@eqd — @eng) = Ap1 = 1z and
(om — ¢r) = Aps = x9 the chosen state-, input- and
disturbance-vector yields to

T = [A(pl A‘P2 Weng Ws WC2 WR]Tv

(13) U= [Teng Tyvct TMGQ}Ta

Z = [ﬂoad]Ta

After applying the kinematic bounds in the La-
grangian equations and deriving the functions, the
succeeding system description is determined. The
system can be expressed in state space description as
follows:
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&t =Axz + Bu + ez
(14)
y=Cx

5. OVERVIEW OF CONTROL ARCHITECTURE

The Compound split gear is controlled by a LQR con-
trol design using the modal weighting method. The
oscillating modes are the ones that will be damped
with the control design.

The input weighting matrix R is defined in a manner
that the torque inputs will be equal for both electric
motors.

The control law in the steady state is defined as fol-
lows:

(15) Uoo = —K Too + KypyWoo + K200

For steady state of the system (i = 0), the system
description from eq. 14 is rearranged and the result
for the state vector is x, eq. 16 and for the controlled
variable is y. , eq. 17.

(16) 2o = —(A— BK) '[BK,w + (BK, + €)zs]
(17)

Yoo = Coo = —C(A— BK) ' BK,w+ (BK, +¢)z5)
For the disturbance response ws, = 0 is set to zero
(18) —~C(A—-BK) YBK.+e¢)=0
and the control gain K, is formulated as

(19) K,=C(A—-BK) '¢[-C(A—-BK) 'B]!
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, determining the matrix K,,. To obtain the pre-gain,
eq. 16 is inserted into eq. 15:

(20) o = [-K(BK — A)"'B+ I| K yws

thu

, obtaining together with eq. 15 the new control de-
scription:
(21) Uso = VuKpWeo + V2200

For the reference response, 2., = 0 is applied:

(22) Yoo = Weo

Finally K, is determined as

(23) Twe = C(BK — A)™'B K,ws
N————
by
(24) I'=vyKy

Eq. 24 is only valid for a single steady state point,
therefore the control law has to be updated at every
time step.

~—
pseudo Inverse
To optimize the control response, the control law could
be extended with a feed-forward control.

6. COUPLED ROTOR-CS SIMULATION

The co-simulation environment of Simulink with em-
bedded Dymore is used to apply the control solution
to the high-fidelity helicopter rotor system. Simulink
handles control algorithms and simulation of the com-
pound split module, while Dymore handles the de-
tailed rotor dynamics, including blade flexibility and
aerodynamics. This combined approach enables ef-
ficient analysis and optimization of the entire drive
train system performance. Fig. 13 shows the co-
simulation of the control system where one block de-
scribes the analytical model of the compound split
gear, one block includes the high-fidelity helicopter ro-
tor and one block contains the different control solu-
tions, here the LQR solution outlined in the previous
section.

As also seen in the lower left part of fig. 13, the offline
calculated optimal reference speed is selected based on
the current flight state within the flight envelope.
The time-stepping scheme of the simulation framework
is set to a fixed time step of At = 0.001sec. It is in-
herited by the Dymore rotor model block. This ap-
proach ensures consistent coupling between the com-

©2024

1800
.
X 111 Hz
1600
= L
= 1400
E
w 1200
o
£
= 1000
E
m
v 800
= . | X20.22Hz
S 600
- |
5 || 889 Hz | | |x2288He
& 400'." X 11.78 Hz | ]
| . |
2000/l ] .‘ ‘I
l._.' \ | xasanz| f L
0 C e AN i S . L
0 5 10 15 20 25 30 35 40

frequency in Hz

FIG 11. FFT of rotor shaft torque excited by collective
pulse neglecting aerodynamics and lag damper

pound split gear and the rotor at every time step. The
coupling between these two models is done by pre-
scribing the output shaft speed of the compound split
to the rotor shaft of the Dymore block. The shaft
torque of the rotor is subsequently fed back to the
compound split model, expressed as the disturbance z
in the state-space system in eq. (13).
As a first step, a simulation of the isolated rotor block
without coupling to the compound split is carried out
within the Simulink framework. The rotor shaft torque
spectrum is analyzed and compared with the fan plot
in fig. 5. Since the fan plot was generated by a
modal analysis of the rotor model neglecting any aero-
dynamic effects, the aerodynamic model is also turned
off in the Dymore block for this simulation. In both
cases, the blade lag damper is also neglected. To an-
alyze the torque spectrum, the rotor is excited by a
collective pulse for At = 0.001s. The Fast Fourier
Transform (FFT) of the shaft torque signal with a fre-
quency resolution of Af = 0.22 Hz is shown in fig. 11.
The peaks of the FFT are compared to the eigenfre-
quencies of the blade modes at Q. = 4.3Hz in the
fan plot [fig. 5]. For better readability, the eigenfre-
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FIG 12. FFT of rotor shaft torque during forward flight in
coupled simulation
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FIG 13. Co-simulation of Dymore rotor model, compound split and control model

quencies in the fan plot are normalized to the reference
rotor speed, Vpiade = folade/Qres. It can be seen that
all the fundamental blade modes, i.e. lead-lag (1.14 Hz,
20.19Hz), flap (4.44Hz, 12.22 Hz) and torsion modes
(22.88 Hz) have an impact on the shaft torque and cor-
respond to the peaks of the FFT. The peak at 8.89 Hz
is probably a multiple of the first flap mode.

In the second step, the Dymore rotor block is coupled
with the compound split model within the Simulink
framework. For this simulation, a horizontal forward
flight condition with advance ratio of pu = 0.149,
corresponding to the flight counter ¢8513 of the
UH-60A airloads catalog [16], is selected. The blade
lag dampers and Peter’s aerodynamics (cf. sec. 3) are
considered. The rotor is trimmed to a blade loading of
Cr/o = 0.079 according to the ¢8513 flight condition.
Similar to the previous simulation, the rotor is excited
by a collective step input in the trimmed state. The
FFT response of the shaft torque is shown in fig.
12. Multiples of the rotor speed are represented by a
dashed line. Compared to the simulation excluding
aerodynamic effects, the predominant peaks in the
shaft torque are now attributed to aerodynamic exci-
tation rather than blade modes. Since the UH60-A is
a four-bladed rotor, the principal excitation frequency
is f =4 Q. = 17.2Hz. This frequency aligns with
the prominent peak observed in fig. 12. The peak
at f = 21.08 Hz does not perfectly correspond to the
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5/rev frequency, suggesting a potential interference
with the collective lag mode at f = 20.19 Hz.

The FFT analysis of the shaft torque in forward flight
condition indicates that active damping measures
should be implemented to mitigate the x/rev oscil-
lations and their interference with the collective lag
mode.

7. CONCLUSION

Research conducted on variable speed rotors indi-
cates that significant power savings of up to 20%
can be achieved by dynamically adjusting the main
rotor speed according to the current flight state. By
adjusting the rotor speed, an optimum mean angle
of attack of the blades can be attained, resulting in
reduced drag. The transition time between different
rotor speed levels must be carefully managed to be
fast enough to prevent resonance, but slow enough to
avoid exceeding the structural shaft torque limit.

The continuous variable transmission is realized by
a compound split gear design that integrates two
electrical variators. Utilizing these highly dynamic
electric machines enables the feasibility of actively
damping rotor shaft oscillations.

By setting up a multi-domain simulation framework,
the whole drive train dynamics of the coupled com-
pound split gear and the rotor is investigated. The
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examination of the rotor shaft torque within the
frequency spectrum reveals that the primary peaks
originate from multiples of the rotor speed frequency,
coupled with its interaction with the collective rotor
blade lag modes.

In order to fully utilize the capabilities of the electric
variators for active damping, integrating a battery
storage unit as an auxiliary buffer could be beneficial.
This setup would enable the excess electrical energy
produced by the generator to be utilized by the engine
for vibration damping purposes.

Subsequently, integration of the rotor pitch control
into the rotor speed variation control could be con-
sidered. Given the prior understanding that blade
pitch adjustment is required to maintain a trimmed
flight state with changes in rotor speed, integrating
the rotor collective into the control loop using a
feedforward control algorithm is a plausible approach.
In a next step, the developed compound split gear
model and its active control design will be integrated
into the rotorcraft simulator ROSIE at the Institute
of Helicopter Technology. A pilot test campaign will
be conducted to assess various concepts of variable
rotor speed actuation, with a specific emphasis on
evaluating handling qualities.
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