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Thiz work presents 3 helicopter dynamic mode] that captures the fuselsge vibrations for an acelerated
main o Some motor parameters are modified with the purpose of stady their impact ta the rotoe-
cradt. Being this, a tool that allows to predict vibrations on the helcopter. The rotorcraft mode] has been

e R s built ep by wsing VelicleSim, software specialioed in modelling mechanical systems compossd by rigid

bodses. The rators are arficulabed, the man rolor takes into sccound flap, by and feather degrees of free-
Keywenrds: dom for each of the equispaced blades and their dynamic couplings. The dynamic performance and the
Helicopier rantral action ane embedded in a single code, therehy Vehicle%im does mot require external commection

Roaor to other software package. This generates saome advantages such as to reduce the comgpilation time. The

Accelenanon contral methodology makes use of PID contrallers [Praportional, Integral, Derivative), which allowa fo use
Hinge: YehicleSim commands exchusively. The state space matrices have been obtained in order 1o analysis the
Vibeatian umcoapled main ratar lap and lag modes. The detection of vibrations from the offset fap hinge as well as
the lag himge are mot straightiorward Lasks armd this helicopter model provides an accurate ool fo study
these, A short time Fourier transform processzng i used to aralysis the vibrations and these have shawn

to agree with the expected behawviour
© 2017 Elsevier Ltd. All rights reseréed.
1. Introduction and implemented a vibraton testng methodology m figure out

Helicopters are adaptable for their different applications amd
these have been Increased over the years. They have rodes such
as monitoring of traffic, air ambulance, fire fighting, et [1]. Thesa
trade demand the vibratons reduction to accomplish a better re-
laability of smructures, efficlency and greater comfort [2]. 1e &5 well
known thar the rotorcrafts are prone to higher vibration kevels than
the aircrafrs, In fact, the vibration level in helicopter 15 of the order
of five times the vibraton levels bocated in fixed wing aircraft |31
It is found that these vibrations are due to the rotorcraft configu-
ration as well as their varnng velocities.

Faithful reproduction of the helicopter dynmamical vibration re-
quires a tough modelling process and the used of simulation tech-
nicques, which can be camied ouwt by wsing the different softwane
packages existent. see [4.5]. In fact. the interaction between the
main rotor and the fuselage needs a particlar attention. [n order
to reduce the cost of the expenmental tests and to obtain more ac-
curate outommes, these type of simulations should be considered.

Pracrical examples can be found wherein the measure and the
anabysis of helicopter vibrations have been studied o identify de-
fects en their operating components. Stupar et al. [6] presented
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the comect performance of the rofanng components. The tests
were done on a military Gazelle helicopter SA-342. The practical
methodolegy was carried ouf n the following steps: [a) To deter-
mine the rotating systems and sobsystems the operating frequen-
cles. (b} To select a number of locations on the struchure for mea-
suring the vibrations on the ground. (¢ To choase an inner loca-
tion at the structure, being this a specific poing for the correspond-
ing fleghr tests. This allowed to determine the helicopter features
and the demands for amy testing actions. The vest was conducted
with an equipment configuration such as 12 channels Netdd812 -
01 Metravib digizal analyser and data collector, In order oo mea-
sure the vibrathons in real time. 5 accelerometers BRK type 4393
and 1 tachometer. Several accelerometers were set up for recording
the configuration on different positsens and helicopter directions
As a result, a technical review of their relevant components amd
a disclosure of the failures on its surface were done. Furthermore,
this method of measurement and analysis could be accomplished
on different kind of aircraft for extending their operational life ex-
pectancy. The damage detection methods have been used by dos
Santos er al. |[7] v put foreard experimental outcomes related o
a helicopter main rotor blade. The methods used were the modal
strain energy. and the coordinate modal assurance criterion {CO-
MAC) Modal parameters were derived using experimental modal
analysis and damage was inserted on the blade by linking a smali
mags to it thereby, their properties were altered. The helicoprer



blade features were displayed and an expenmental modal analysis
wis dome. The damage was simulated w establish the blade vibra-
nion modes, under the impact of an unbalance of Mmass. A compar-
mon was carried out between the stodied cases. Ac a consequence
of this, the COMAC damage indicator was less sensitive than the
strain energy echnigue, due o the damage index was not able m
find out the exact location of the added mass. The modal strain en-
ergy formuladon handles a lot of appreximations 1o work owt the
final damage index, on the contrary, this supplied the adequate de-
tection possibilivies and sensithvity.

The estimation of the unbalamce force and the unbalance itself
afl a rigid rotor system during acceleration is a cumbersome ask
that it must be dealt with, Vibrarion generated by mass unbalance
5 a relevant factos, which resmricting the performance of the rotat-
ing system. fhou and Shi [B] presented a new method of the un-
balance estimarion for the rigid rotor during acceleration. The esti-
mared unbalance was figured out, as a consequence of this, unbal-
ance forces and moments were ofained as the states of the aug-
mented system This method could be applied o acive balancing
schemes for a rigld rotor or the active vibration contrel. The fea-
fures of the ransiton vibration of a roter when it passes s critical
speads throughout acceleration encourage an interest of disciplines
such as the rotor design, active real-fime balancing and active vi-
brarion control. In fact, the roter study under constant acceleration
has been tackled by Fhou and Shi %), This work provides an an-
alytical unbalance response of the jeffcott rotor. An analytcal so-
hetion was derved for the unbalance response of the |effcom rotor
during acceberation. The obrained solution showed thar the maton
wias made up of three paris: (a) 3 ransient vibration at damped
natural frequency. (b) A synchronous vibration wirth the frequency
of instantamecus frequency. {c) A swddenly ocowrring vibration at
damped natural fregeency. Zhow et al. [10] put farward an active
balancing method o offser the unbalance of the rotor system duer-
ing acceleration using an ebectromagnetic balancer. In order to re-
duce the impact on a rotor when it passed through its critical
speeds, which i able o damage the system. An assessment was
carried out to validate this method and the validation outcomes
were shwn. In this scheme, "instantaneous” influence coefficients
at different speeds were calculated and stored in a look-up table.
Afterward, a gain scheduling strategy was taken into accoumnt
remove the unbalance-indwced vibramion during acceleration estab-
lished on the “Instantameous” infleence coefficient table.

Furthermiore, variable speed rotor stedies are a research feld
for the rotorcraft operations improvement as well as the fuel con-
sumption reduction, According to Misté and Beninl | 11], there are
rwo main varizble speed concepts, fixed-ratio wansmission and
continuously variable ransmisskon rotors. The effect of these types
of transmissions on the helicopter perdformance is calculated when
both are working at their optimal speeds. This can be carmed out
using vwo different simulation ools, a turboshaft engine perfor-
mance code and a helicoprer wim stmulation code for steady-state
level flight After a smudy done by the awthors, fixed-ratio rans-
misskon was presented as a well process to diminish the fual con-
sumpticn at intermediate advancing speeds. However, continuously
variable transmission advantages showed o be relevant in hover
and in high speed forward fight.

The wibration impact and (s determination upon the hel:
copter structural components o terms of frequency characters-
tics have been recently studied, Khaksar et al [12] have devel-
oped in ABAQLIS a 3D finite element method for a 349 Gazelie
helicopter model. ABAQUS is a program based on the finite ele-
ment method, It B able o resofve problems ranging from rela-
tvely simple linear analysis to the most complex nonlinear simasla-
mons [13]. The main advantage of this model is rhat, it can be used
o predict the narural frequencies of the full strecture. The model
prowides a tool to test the frequencies of the helicopier with dif-

ferent components. Often, it s overlocked the vibrations and the
human body, Ceruti et al |14] have reported about this matier
The authors describe the szandard range of the vibrations on he-
licopters. However, a nowvelty aspect is shown e, the whole-body
acceleration | 15| displays medium-low frequencies in 3 range of
2-X0 Hz.

In order to understand the limitations and shomcomings of con-
trofler designs to caprure helicoprer performance, the following
considerations can be done. The flight control systems are able
classify as linear or nenlinear, these are established according 1o
the controlier requirements and the helicopter moded thar ks builc
up. The linear contred design Is more applied and it has been run
on the majority of helicoprer pladforms. It is more used due 1o the
simplicity of the controlier design, which redueces the computa-
tional complexity and the modelling time, However, nonlinear oon-
trodlers are demanded for their theoretical contribution to the ro-
torcraft control problem | 16]. In fact, Chen et al | 17] have recently
developed the adaptive neural faul-tolerant control approach for
the three degrees of freedom model helicopter in the presence of
sysiem uncertaintes, unkmown external disturbances and aciua-
tor faulis. The unknown extermal disturbances as well as the un-
known neural network approsimation emor were processed a5 a
compound disturbance that was figured out with a nonlinear dis-
turbance observer. The simulation resulis showed the effectiveness
of the proposed adaptive control scheme. Cul et al. [15] have also
developed an observer based backstepping conmrol scherne for the
attioede conirol problem of three degrees of freedom model he-
licopter with wnknown external disturbance, unknown modelling
uncertalnties and unknown states. Backsiepping conmrol law was
sef up based on the estimated values of observers to obtain suit-
able racking performance. The results displayed effectiveness of
the designed control approach. Desgite of these recent works hawve
demaonsrated to be efficient, they have been carmed out for heli-
copters with three degrees of freedom. Both approaches must be
extended o six degrees of freedom, in order o be extended 1o
helicopters modef more complex, On the other hand, the applica-
tion of these contral schemes would involve o use external soft-
wiare packages o Vehiclebim. In here, a PID (Proporsonal, Integral,
Dervative} methodology is applied in varbows subsystems of the
helicopter moded, as it is strong w accomplish the required objec-
tives. The PID contral methodology is implemented in VehicleSim,
the main argurment &5 thar this allows o program an single cods,
being not necessary to use any addinonal software.

VehicleSim is a multibody sofoware specialized in modelling
mechankcal systems composed by regid bodies. b is used as main
software package dse to the helicopter nonlinear behaviour and
equations of mogions are prowvided. In addition to this, the state
spaces mairces are alsg derived, being these an addinonal advan-
tage with respect other software that can be found in the livera-
ture, see [5). Furthermare, operational modal analysis of the rotat-
img helicopter blade can find a support tool in this software. Due o
it cam facilitate the studies carried out in this field, as for example
the work presented by Agnend et al [19). The aurhors estimated
the damping ratios, natural frequencies and mode shapes without
to measure the input forces. In this way, the system modal param-
eters were able to establish its operative conditiens. The capabil-
ity ma improve the operational modal analysis procedure was also
studied through whirl wwer experimental tests. The proposed ap-
proach allowed the study of both the rotating frequency as well as
the damping ratkos as functions of the rotating speed. Although the
estimate of the rotating frequencies was not sensitive o the differ-
ent estimation approach, at least for the experimental data, noge-
worthy differences in the damping ratio estimates were described.
An underestimate of the damping ratio of the modes with naural
frequency dose w the one the identfied operamonal frequencies
wias identified.



Thus, this wark studies the capability of VehicleSim to program
an embedded code wsing VehicleSim commands exclusively. For
this task and doing use of the Vehickesim fearures the blades are
regad and the flexibility & not tackled. Due o it 5 not mandatory
o Carry ouf i a first approach of ViehecleSim as a modelling tool in
such case. The ngld bodies and YehickeSim methodology are suffi-
cient to achisve the objective fixed by the authors. At firss sight,
this would need to employ an external seftware, however the au-
thors are currently studying its implementation 0 a singie code,
without requiring the performance of external commands o Vehi-
clesime In this way, the hegely complicate implementation process
should be simplified.

This work simulates in a single code, the vibrations generated
in an accelerated helicopter maln rotor, when stresctural uvbalance
are also taken intg account. The authors seek some advantages
such as the portability and the reduction of the compilation time,
being this an alternative tool to predice vibratsons. In addition to
this, it aims to shed light on the complex mechanisms that gov-
ern the rotor dymamics when an acceleration s presented, This s
an improvement with respect to the works presented by Stupar
et al and co-woarkers [6,7]. Duee to the vibration testing methodol-
ogy to detect the comect performance of the rofating components,
and the damage detsction methods could find a stmulation toal in
thiz approach. Furthermaore, the state space provided by VehscleSim
can be a simulatson alternative o the experimental modal anaby-
sis usang by dos Sanfos et al. [7]. The stedies carried out by Zhow
and co-woarkers [E-10] could be extended to a belicopter maln ro-
tor miedel through of this implementation: Taking wte account that
variable speed rotor studses are a research field for the helicopter
operaticns improvement, The helicopier model presented can be
an alternative or complement to the two different simulation tools
presented by Misté and Benind |11§. A multibody perspective is
wsed to show an alternative procedure to face this cumbersome
task. Thus, this contribution provides an altemative tool for rofos-
craft vibrations predection. Due @0 recent studes as the presented
by Bhaksar et al. [12] the vibration impact and its determination
on the rotorcraft stroctural components have been dealt with by
using finite efement method

In the view of these considerations, the main contributions of
this paper can be summarized as: (a) To present a simulaton ap-
proach for the accelerated main and tail rotors of 3 hellooprer dy-
namic madel, this task has been carried out using VehicleSim. It is
a new approach implemented at an embedded code, which mini-
mizes the complexity of the study of the helicopter dynamic pes-
formance as well as the action control. This derives advantages as
the portabdliy and the reduction of the compllation mme. (b) To
describe and discuss the VehicleSim features as a modelling tool
in the helicopter fleld. It is mandatory to understand in detail the
WehicleSim performance, if recent works such as dos Santos et al
|71 Misté and Benini [11] and Khaksar et al. |12] are able o be
extended or complemented. [c) To study the impact that an accel-
erated and unbalanced main rator has on the fuselage, in order o
ascese the capability of 2 multibody sofoware o detect vibrations
This is carréed out to ease the study of helicopter vibrations wnder
complex mechanicms.

The outline of the paper is as follows; Section 2 presents the
heficopter witrations ewtlook. Section 3 provides a detailed de-
seription of the modelling process done in this work, Section 4 de-
scribes the modedling toof wsed: VehicleSim. Secion 5 sudies vi-
brations that appear on the fuselage when the maln rotor speed is
accelerated. Finally, Section 6 summarizes the main conclusions.

2 Helicopter vibrathons owtiook

The helicoprer 5 designed to perform complex maneuvers that
the fixed wing alreraft is not able to camry owt, as for example
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the rescue operations, which some case can be executed in steep
mountains, adverse sea conditions, etc. It is well known that a sig-
nificant hurdle on the development of the rotercraft progress is the
wibration which retards the advances in the occupant's comifort and
safery, among others. The vibration has an impact in the on board
instrurments and it can produce failure in the structeral and mon
structural components [3,7]. The helicopter rotor blades are a rele-
vant strsctural element, the damages on the blades would able to
generate the loss of performance of even disastrous Incidents. For
a blade, rhese fallure can cover, for instance the blade wunhalance
and impact damage, among others. As a consequence of this, the
hebicoprers reguire w be periodically mondtored. Mowadays, the vi-
bration is being considered at design stage in order to reduce the
costs Le, it = needed o assess the vibratbon primarily. 5a, there
Is an increasing dermand to establish the wvibration impact on the
helicoper structusal componens [5,12].

21 Flap mod lag hinges fearures

The flap hinge aflows the blade to rofate o a plane containing
the blade and the shaft, of the disc plane, about either the aciual
flap hinge. The flap angle is commonly represented by 8 and con-
sidergd o be positive for upward blade motion. The flap hinge is
maee frequently designed to be at a shom distance frem the cen-
tre line, This distance & known as “offcer” flap hinge {see Fig. 1)
The flap motion is the result of the constantly changing halance
between lift, centrifisgal and inertizl forces abllowing the blade to
drop when the rotor is at rest. In fg. 2(a), an ardculated rotor with
a flap hinge offset from the centre of rotation by a distance eR is
taken into account. Such an arrangement is wsually mechanically
simpler than one with no offset, and It has a favourable infleence
on the helicopter handling qualitbes.

A blade which is free m flap, experiences large Coriolls mo-
meents b the plane of rotation and a further hinge (called lag) is
provided to relieve these moments. This degree of freedom pro-
duces blade motion on the same plane as the disc. The lag angle is
represented by £ and it Is considered o be positive when opposite
to the direction of rotation of the rotor, as prodeced by the blade
drag forces {see Fig 2 (b)) [24,25].

22 Souwrces of wibrarion

Vibations must be study in onder to detect their main fre-
quencses. This informatson can be used to deskn vibration control
methods for helicoprers. Due to the reduction of helicopter vibea-
tions has traditiemally been a cumbersome task to achieve. In a
rotgrcraft system there are many sources of excitation that intro-
dusce fosced vibratbons. Such sowrces include the main and tail ro-
tors, the transmission shafts, the engime, etc. The primary forced
vibration source is the main rotor with the hinged blade system
Blade diplacement relative to all the hinges are also a sousce of
vibrations. Vibrations from the main and tail blades are tramsmit-
ted through the hubs, All parts of the helicopter are subjected to
forced vibratlons, howewer the amplitude of these vibrations dif-
fers. Its magnitude depends on the structure stiffness, the close-
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Fig. 3. Sketch of the force applisd on the blade with a lag hinge.

ness of the exciting forces as well as their magnitude and points
of application [24].

An addivional vibration source in helicopters comes from robor
unbalance. The unbalance is a rotating force, which orgin cowld
be generated by Blades mass unbalance or geometric asymmetry
i their distributions. The last one could be onginated by wnequal
the errors in geometry of articulation and unequal damper set-
rings, among others. The corresponding responses depend on robor
mountings [26L The wibration at the flap hinge should be taken
into account for certain offset {eR). Because If the offset flap hinge
i large, secondary vibrations will appear and they will be trans-
mitted 1o the fuselage. [n addithon, when the offset is redsced, the
hub receives its effect as well [27].

The blade motions around the lag hinge are essential in vibra-
tion systerns. [ts effect is drag varation that causes displacemeants
around this hinge. In this scepario is suitable to employ a scheme
of the blade replaced by centrifugal force acting along the blade
anis, see Fg. 3. Therefore, the impact of main rotor lag hinge vi-
bratien on the fuselage should be also considered.

23, Heltcopter vibrmions and simacorions

It is fundamental that the inherent helicopter vibrations are not
anly tackled o the concepiwal design stages as the modifications,
rectifications and continuous monitoring should be taken into ac-
count in successive stages. There are two types of helicopter vibra-
mions. The unavoidable that cannot be eliminated and they are able
1o be minimized only. The other vibratsons are derived of the im-
balances associated o the blade trajectory as well as the individual
blade mass imhbalance. There are five main manner to diminish the
vibrathon level, how are the improved blade design, the absorbers,
the lsolators, the fselage dynamibcs optimizations and Anally the
reduction of asrodynamic excitation 3],

The simulation of dynamical vibrations and the comesponding
amalysis on a helicopter under certaln operational conditions such
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Fig- 4 Funcrional block diagram of helicopeer vibrations

as makn rotor acceleration, it s a modelling task that can abd to de-
tect technical fallure and damage on it soucture. The most com-
mon wibvation analysis technigue is the spectral analysis. Thi tool
has showwn to be relevant for the detection and the dizgnosis of
faults in rotating systems such as the rotorcrafi, see [2021] The
frequencies of vibrations generated by different components can be
determined; chereby, a change in vibration level within a particu-
lar frequency band can be related vo particular system companent.
As a comseguence of this, an analysis of the associated vibration
lewels at diffesent frequency bands is able to provide an indication
of the mamre of a faulr or unbalance on the systemn compenents
|6} These dizagnostic capabilities are fundamenzal to carry out the
modelling and simulation of a helkoepter In order o understand its
perfarmance propery.

As it can be seen, the condition monitoring and fault diagnosis
of rotes system based on vibration signals are important as these
systems are more and more complex due o the requirement of
study the schema of varying angular speeds and dymamic loads. A
typical target in vibration signal processing is to derive a represen-
tation in which cemain features ase displayed explicit. The most
noteworthy and fundamental variables in signal processing are fre-
guency and time |22

Taking into account this considerations, it i clear that addi-
tional approaches are needed to simulate and study hedloopter me-
chanical vibrations when accelerations are acting on the main rotor
in form of engine effect and contrel inputs in matching with wn-
balamce, structural properties and geometric configuration of the
blades, see Flz A In simulatons of rotor dynamics, the blade alas-
ticity should be considered. although certain studies was able o
conduct using a mgid blade assumption [23L
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3. Modelling

The main aim of this secton is oo describe the modelling pro-
cess for implementing the helicopter model. The rotating systems
have been stwdied and analysed by formulations and software toods
thar intrinsically take into account the reference rotation motion of
the system. Such applications may be efficient and effective, how-
ever may present lack of geperaling. It has o be considered that
the rotating systems are characterized by the non negligible angu-
lar modon which they are subjected to, The process of modelling
is camied owt under wo premises: (2] To program a single code
in Wehicletim and {b} To design a simulation wol that follows the
current requirements fix by the heficopter vibration analysis (see
Fig 41

31 Ceneral struciure of the hedicoprer

& rotorcraft is able to be modelled in several manners; one of
them is rhe combination of different interacting subsystems. Thus;
a full helicopter dynamic model is taken into scoount as multibody
system with several subsystems and constraints between the dif-
ferent degress of freedom The following considerations are done
according to the physical stnecture of the helicopter (see [1]):

« The heficoprer has the conventional configuration Le, main ro-
tor in combination with a tail rooos. Both systems are mounted
on the fuselage. The model has been set up without empen-
nage, see Fiz. 1.

= Thiee matn rotor consists of fowr egually spaced blades joned to
a central hub. The blades have free moton in and out of the

plane of the disc; this is allowed by the inclusion of hinges, see
Fir 5

= The tail rotor consists of bavo equally spaced blades joined 1w a
secandary hub.

= The blades are rigid in both rotors.
« The rotor's angular speeds are constant, and a propormional -
thy axists between them The axis of rotation of the tail rotor is

transverse to the main rotors axds,

= Thie main rotor hinges allew for three degrees of freedom: Aap.
lag and feather motions

Inereial Frame
*

Fuselape
a——fﬁ‘_‘_‘q—‘—“"‘
Mludn Healur Tall Rty
I i
| Flap Hiage | Flap Hinge
l i
Lag Hinge Feathar Hinge
1 I
Feather Minge Tlade
*
ke

Fg & Body siracimee disgram of the copsentionad mode] helxoper. Both main and
a4l potor @ this diagram oontaan one biade slement only due o space restrictions,
et ihe model can coavain as many blades as reeded.

= The tail rotor hinges abllow for two degrees of freedom: flap and
feather.

« Feather-flap coupding &5 considered in the rall rotor analyses.

= The helicopter's main body has six degrees of freedom. Theee
translations along the (X ¥ £} axes and three rotations anound
the same axes,

« The fuselage loads are obtained as the ourpuns of thelr come-
sponding rranslatonal and rotational degrees of freedom

ehicleSim as well as its methodobegy have been also employed
1o madel unmanned aerial vehicle (UAY) helicopter dynanmic mod-
els (see [4,20]) In those cases, the rotorcraft features and geometty
wete different. Thershy, this software package as well as the devel-
oped model can be applied w other types of helicopter as UAV.

12 Helioopier modetling

The system modelled consists of three subsystems: fuselage,
main rotor and tail rotor, see Fiz 1. The multbody system is sub-
divided into its constiivent bodies for the purpose of writing the
Vehiclesim code [28]. The bodies are arranged a5 a parentfchild
relationship as shown in Flg. &

Vehicle®im Lisp is a comgputer program that allows o moded, to
simyulate and to derive symbolic equations of motion for mechan-
ical systems compased of multiple rigid bodies. The inertial prop-
erties of the rigid bodies as well a5 the geometric that confosm
the system are provided as inputs Forces and torques among the
different model's comgonent are abde to add acting on the come-
sponding bodies. Therefore, it is comvenient to include as firss body
in the code the fuselage. It is implemented as the child of the nom-
inal reference frame. The fuselage is located ar the ongin of the in-
ertial coordinates system and it is the parent of borh the main and
tall mfors. The main rotor rofatés arownd @S vertical axs, £ axis
The main rofor is the parent of the flap hinges that rotares anound
the cormesponding X axis, each lag hinge is the child of the come-
sponding flap hinge. The lag hinges rotage around the Z axis. The
feather hinges are the child of the lag hinges. Each feather hinge
rotates around the ¥ axis. Finally, a blade s added to the program
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Helicopter model paramesers [31,321).
FaEmeiers Bagnimade  Unirs
Hellcopter mass 2200 kg
Alan rosor Hade mass ERE L EE
Tadl rmor bade mats EZ1 kg
Fuselage-main o verncal distance L4d m
Fuselage-ail motor longnudinal dmtance G.OD m
Fuselage-@il rotor verical distance L7 m
Madn rotor Made lengeh 441 m
Tail rmor blade length .98 m
Mlain rmor angular speed 44.40 radfs
Tadl roROr gearing 5.25 -

strscture as the child of each feather hinge, The tail rotor 5 buils
up follwwing this same parent{child structure. Addinonal data pa-
rameters such as masses, inerma matrices, coordinates of the cen-
e of masses, the allowed rotations and translations of each body,
wiich conform the dynambcal system, can be described in 3 se-
quential manner along with the rgd bodies |25

33 Main and fall rotors speed modelling

The main rotor angular speed makes we of 2 MD controller in
arder to regulate the speed according ro omega (2], following a
desired value {or time varying reference) An acceleration vabhse is
introduced to reach the prescribed rotational speed, gradualhy, This
s dicrated by the expression:

Q=1 +owt (1)

where (1, 15 the initial maln rotor angular speed, o s the main
rofor angular acceleration and ¢ s the time. The imput for this con-
wodler s the esrror berween the actual roter speed ar each tme
steg of the simulation interval and the prescribed rotational spesed.
The purput of the PID controller is introduced in the moded as a
torque applied between the fuselage and the main rotor, see Fig. 7,

The wail rotwr angular speed & propormional o the main rotor
angular speed [4,31] and this is proportional the valuwe of the tail
roqor gearing, see Table | This angular speed i implemented in
parallel way w the main rotor speed wsing a controller as well, The
enging’s acrion on the tail rotor is modelled as a worque applied
between the fuselage and the tall roar [0}

The model & implermented with these FID controllers due o
their suitability to be modefled in VehicleSime In this way, it s not
required to employ further complex approaches. These controdlers
accomplish the objective set by the authors. In order o tune the
contrellers” gains, any PID tuning software has not been used, This
procedure has been carried cut manually. VehicleSim allows from
the browser to change the numerical valoes of the parameters, If
these have been defined in symbolic form oo the code. In this way,
the tuning is eased due to every execulion from the browser pro-
wides swiltly the simulation resulis, allowing o evaluate the re-
sponse to the emor between the corresponding actual rofor speed
and the prescribed rosational speed. The analysis of this error and
the wser decision making are essentlal to reach the required calk-
bration

VehicleSim does not generate or indwce by itself any controllers’
galns data. The user is who defines the procedure o folicw fe, if

the pogran provides amy iifonmsiica i dsis subject maiien, i s
because the wser must establish the proper work environment In
order to tune the numerical values of the controllers’ gains, exter-
nal knowledge from other sofrware pladform or helicopier model
hat mof been considered. The modelling poocess and the calibra-
thions carried out by the ahors, have bed 0 an appropeiate run-
ing of the conrrollers as well as a stable response inm VehicleSim.
As a pesult, if the acceleration is presented on the main rozor the
progoctbonal gain shows a numencal valee wpper o the derivative
amd this displays a value greater than the integral gain. Thereby,
the galn numerical values have been determined using VehickeSim
only

According to Ren et al |40 3 lnear model that approaches &
particular nonfirear heficopter system is able to be achieved, If this
performs areund an operating point and the signals involved are
small. Mevertheless, the contrel laws based on the lnearised heli-
copter dynamics do not show global applicability as these only dis-
play desirable behaviour around an operating point. However, this
approach is not conskdered In this work and the helicopter model
is mot tested at selected operanng points.

4. Dynamics conrral

The torques and the dynamic loads do have an impact on the
vehicle's stabiliy. A5 3 consequence of this, the helicopter trim
contrel is a fundamental task thar has o be tackled with special
artenrion in the helicopter model. The coordinares in the inertial
frame are (x, ¥ z) Euler angles (&, ¢, ) [rodl, picch, yaw), linear
velocities (%, . ) and angular velocities [f, ¢, W) in the body co-
ordinate frame.

Several controllers on the manslational and rotarsonal degrees
of freedom muest be also incorporated. Thus, the helicopter's rans-
larbomal posithon control will be restored as well as the anguiar po-
sition, being this an essential step in the stedy and analysis of vi-
brarions.

For stability purposes, the error berween the reference and the
actual states must be measured at each time step of the simu-
lacesmne The outputs of these controllers require 1o be applied be-
tween the fuselage and the inemial frame fo obfain an adequate
action conirol. For example, in order to control the helicopter's po-
sirion and displacement on the Y axis, the lateral position pre-
scription for the fselage’s position has to establish in order to
represent this. It provides the reference valee for the lateral po-
sition; it allows to descnibe the ongin of the reference system in
the space. The output of this controlber represents an applied force
at the fuselage's centre of mass. Thus, the required lazeral position
conirol 5 obtained. Both longitudinad and wertical position controls
were also modelfed equally o this lareral position control

Ln oeder to control the helicopters roll degree of freedom, a PID
controller is added The input is the differance between the actual
and desired fuselage’s roll position. A reference value is defined ar
the beginning of model script. The output is a torque applied be-
tween the fuselage and the inertal frame. Pirch and yaw control
are modelled sirmilarly. As it can be seen, the rotorcraft dymamdc
moded is implemented wsing MO controllers, dee to thelr featues
allow to design an embedded simulation code in VehicleSim with-
out requires addirional software actions. Furthermore, this conmrol
approach is suitable enough to accomplish the authors obijectives

4. VehicleSim operation

Vehiclebim is the main sofbware package used in this work dise
to their advantages, for example, the automated equations provide
an accurate representation of the complex system’s dynamics and
these are derived by VehicleSdm, being no necessary o caboulate
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these by hand (often this procedure s prone to errors) In addi-
tion o thes, the execution time 5 diminished due to its software
angineering feamres.

VehicleSim sodvers on ‘Windowvs are compiled as dynamically
linked library (DLL} files with a standard VehicleSim application
program interface (AFl), which is able o work with different sim-
ulation environments such as VehicleSim browser and Matlab. It
is accessible by the user the source code memerated by VehicleSim
Lisg.

4.1 Overview of VehicleSim lisp

VehicleSim Lisp derves the equations of motion for a multibody
system in symbolic form and a C source code is generated swch
thar this program will solve the equations numerically to simulate
the performance of the system represented by the model.

The symbolic equations obtained by YehicleSim Lisp are able o
view and use with other software packages such as Word or Mar-
lab. This is not a full simalation system as it is able o determine
equations, however it does not selve them. As a conseguence of
this, a C compiler s reguired to compile the soorce code genes-
ated for a VehicleSim solver program and the DLL sobvers are bailt
up [29]

The main goal of each VehicleSim soher is 0 compute time his-
tories of the system's variables, this is, the positions, speeds and
accelerations of the bodies conforming the system and all wser cre-
ated vanabdes, These time histories are stored ina binary data file
with the extension BIN. The data in a BIN file are organized by
variable mame and sample number. A companion file, with exten-
sion ERD, documents the Layour of the BIN file. The ERD header file
also contains labeflng information for each variable. Data process-
ing programs for ERD and BIM files derive the information required
from the ERD file (see Fig. &) [33L

4.2 VehicdeSim and stare varables

The state variables for a mulribody system as VehicleSim are
separated into two seis: generalized coondinates and generalized
speeds. In VehicleSim environment, the erm “state variables” gen-
erally refers only o variables rhat are defimed by differential egua-
tions. However from the user perspective, the set of state variables

also established vanables which are mor determined by differential
equations, but whose valees are needed to fully define the current
state of the model. This software introduces the stare variables re-
quired to describe the moving reference frames, and employs them
as meeded to work out mathematical expressions of varizbles that
represent the equations of motion of the system.

VehicleSim Lisp s able to obtain expressions for the absslute
ceordinates of any point located on any mechanical part using the
generalized coordinates and dimensional parameters, The general-
ized conrdinates are the variables that imolve translational and an-
gular displacements. The set of generalized coordinates is estab-
lshed sich thar it s feasible w reconstruct the position of any
point in any pant in the system. Furthermore, a ser of generalized
speeds complements the ser of generalized coordinates, by adding
the ability for Yehicledim Usp to cabculate the velocity vector of
any point located on any part in the mukibody system.

The definition of state variables can be controfled, these are
inrroduced automadcally when the command add-body s em-
ployed o established a body that is able to move relative w its
parent. The squations of motkon for a system involve 3 mindmum
number of coordinares and a speed variable {s introduced auromat-
ically with each coardinate. One generalized coordinate is inserted
for each degree of freedom of the new bady relatwe o s parent,
and the coordisates are the amplinodes of the permitted displace-
ments. The speed variable is defined as the derwative of the coos-
dinate, except for the following three cases [29):

« A body with three translational degrees of freedom relative o
its parent has three manslational speed variables defined as
scalar mezsures of the absolure welocity of the body mass cen-
tre.

+ A body with three rotational degress of freedom relative o its
parent has three rotational speed variables defined as scalar
mmeasures of the absolute rotational velocity of the body.

« A body restriceed o planar motions, with two translational de-
grees of freedom has the ranslatonal speeds defined as scalar
mexsures of the absolute velocity of the body mass centre.

4.3 Numericml solution

VehicleSim-Browsers s incorposated o VehbcleSim package as
the solver program. It cabculates the sutput vamables at intervals of
time as the simulation &5 being done. The time history of the out-
put variables s computed by sclving the dynamical equations of
maon containing the state varables. There are four types of com-
putation methods which could be used by in a VehicleSim solver
program: {a) simpde arnthmetic statements. (b)) Numencal integra-
tion of a set of ordinary differential equations. {c) Seluton of a set
of simultanesus lnear algebraic equations. (d) Soluton of a set of
simultanesus nonlinear algebraic equations.

A4 Mulribody modelling and methodology

VehicleSim Lisp osually foliows the modelling sequence as
shown in Fig 9. VehicleSim commands are employed o describe
the components of 3 multibody system in a parentfchild relation-
ship in accordance with their physical constraints and joints. As it
can be seen in Fig. 9, the commands categorize in sequential way
the bodies that make vp the system, additonally the comrespond-
ing physical valwes are incosporated. A VehicleSim program begins
with an inerrial reference frame with a fixed origin selected by the
user, and a mrikedron with their directsons is esiablished, As new
boelies are Incorporated to the system, having freedoms relatve o
the inertial reference frame, bocal origins and axes are defined.
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Generally, at the head of a VehicleSim program there are de-
termined commands thar are wsed to reset the system. For exam-
pie, o define the gravitanional feld, w select the unit system to be
used amd the possible linearization of equations of mation, among
athers. If these matters are not overtly selected, there 1= a config-
urarkon file which the user is free to access and where the default
settings are established

The code is able to transform from bocal coordinates o global
anes and vice versa Points specified globally are comvendently em-
ployed to determine polnts in bodies. The body fixed points co-
incide with the corresponding global points, fived in the inertal
reference frame, when the system is on its nominal configuration,
Most podnes are fixed in bodies, however a point may be defined
a5 maving with its location in 3 body defined by its specified coor-
dinates. This s sultable for describing time varying contact podnis
between mwo bodies [29].

5. Results: hellcoprer simulation model

The main rotor vibrations are transmitted o the fuselage and it
will display several vibration modes. Depending on which mode is
excited, the amplitude and frequency of the vibration will change,
which affects to the feasible parformance and the safety of the he-
licopter [34,35). There are a number of secondary sources of vi-
brations which should also be taken into account, for example, the
flap hinges offset causes rolling and pitching vibrations thar ane
transmitted o the fuselage. In this section, these are studied under
the influence of an accelerating helicopter maln rotor. The main
amd tall rotee angular speeds performance are presented and a fre-
quency domain study is carried owt for the flap and lag modes on
the main rotor. Finally, the impact of the lag hinge is studeed for
an-structural unbalance on the main rogor.

51 Muiin ond rail rabor specids

In arder o smudy the vibratsons appeanng on the fuselage, the
capability of the helicopter model to develop accelerations on bath
rowors 15 checked The rofor angular speeds are generated with-
out immediately response. 5o, these start to rodare from rest op
o a noaminal valoe (444 rad{s) and (525444 radfs), respaciively.
As |t was mentoned in Section 3.3, these accelerations are able
to carry out wsing the MD controllers implemvented in VehicleSim,
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their corresponding mumercal values are defined at the begin-
ning of the VehickeSim Lisp code. The initial otor angular speeds
are zeto and they are increased with an angular acceleration of 1
radfs?, which allows to reach the nominal angular speed in 44.4 s.
Once the desired speed reference values are reached, the accelera-
thons are set to zene and the angelar speeds rematn constant at the
prescribed values as Fg. 10 shows. o both rotors, the corresponmd-
ing angular speeds follow the control skignal required o obtain the

rotating speeds.
52 Frequency domain study maln rotor flop and log modes anelysls

The state space method provides the solurion of the small per-
turbation rotercraft equations of mortion. In fact, VehicleSim derives
in form of a Matlab file the linearised state-space model in sym-
bolic form. Moreover, VehicleSim generates the model's linearised
amnd nonlinearised equations of motion in form of differential equa-
rions, see |4,36). Most saftware destined 1o solve problemns in mod-
em conirol, must ensure that the helicopier equations of moton
are properly assembled, before a solutkon is calculated wsing these
tools |37 . The determnination of the structural response as well as
the modal frequencies are fundamental o design rotating compo-
nents such as helicoprer blades 3539 Taking into account these
considerations and duee to the flap and lag degrees of freedom have
a relevant role in this work, these are smdied by using frequency
domain. VehicleSim allows to carry out this type of study and the
user can focus the analysis on selected parts of the sysem. The
assessment of these pans does not implicare that the heficoprer
moded 5 simplified. This is dome o check the proper implementa-
thon of them

VeheicleSion generates the linearised model that contains the
symbolic state space A, B, C, D matrices for linear analysis, see
Fig. 11. In additon to this, the nonlinear equations of motion an
gach case are obtained in € code, and this s used to generate
ctates” timwe histories, see Mg 8. In order to obtain the elgenval-



wesfeigenvectors of the state matnces, the srate's time histories are
imported from the nonfinear model int the symbodc lnearised
madel matrices. As a consequence of this and n order 1o study the
dynamic behaviour around the equilibrivm positéon for the makn
rotor flap and lag modes, the dynamic equations of motion are ob-
tained and a frequency domain analysis is carried out According
to this, if the squilibrium condidons must be achieved, the accel-
erations are not activated on the rotors.
The flap linear state equation is obtained in VehicleSim as:

By + mpyy ) = —my Oy (eR + v ) — 2 (g — by ) 8 — kB

(2
where lyy, lyy. e 2re the cormesponding main rotor blade mo-
menis of inertia around x, ¥ and z axis, respectively. my is the main
rotor blade mass. yy, is the main rotor blade's cenmre of mass. ky is

the maln rotor flap hinge spring stffness.
This can be written in matrix form:

X o 1]|fx
515 F ol
whiere x; = #, x; = # and F is equal to:

[_k” — muyy i — P eRmyyw + 07 Loy — Fm]l]’-!'[lm + MV

()

By feeding the maire elements with the corresponding phys-
ical parameters, the eigenvalues are obtalned and found o be:
Ay = 04 4B B564i where the complex part of A, 5 is the flap nar-
vral frequency, 48.8564 rad)s slightly above the main rotor angular
speed, as this simulation corresponds to the case of there is a flap
Spring ky; e 46772 Nmjrad, and offset eff g 0.

()-[5 <Gy

whire yy = £,y =L

H = —(ky; + eRmy Sy )/ faie + Myl ) [4)
and
G = —dyy e + My ) (5)

dy is the main rofor lag hinge damping coefficient.

In this case, the eigenvalues of the matrix are: Ay; =
=01 5448 4 353760 The natural lag frequency is 35.3776 rad)s and
the system’s damping is provided by the real part of iy 5, these
values agree with the expected.

= Root locus

The linear approximatson allows w shed some insight on the
complex motion of the blade. The lnear natwral modes of the
blade are analysed from the stability point of view A layoar of
the uncoupled fap and lag modes is represented on the complex
eemalues plane in Fig 12a) This has been carried owt for the
hedicoprer model operating at equilibriom conditbons ie_ the main
and rail rotors are given in the ferm of a constraint and the blades
hawe initial flap angles fo = 0, these do not vary independently
their corresponding displacements. In this way, the rigid bades
fRuctuations are established and the conditions of dynamic egqui-
ltbrivm are achieved. The main rotor angular speed b= 444 radfs,
the il rotor angular speed = zero and gravity &5 not considered.
In order o determinge the sigenvaluesfeigenvectors, the state's time
histories are extracted from the nonlinear moded Into the symbolic
lmearised model matrices at each wmestep of the unning inter-
val. The result is plotted as a root Jocus dizgram in Fig 13{a) As
shown, the lag mode is well damped (dyj = 349.58 Nmsfrad). The

flap mode in this case does not have a damper, therefore its mode
it is locared on the imaginary axis i.e, the mode is marginal stable

A typhcal layour of the uncoupled flap and lag modes is pre-
sented by Padfeld [31] It shows how the flap modes are well
damped and bocated far into the left hand side of the plane. In
conirast, the lag modes are often weakly damped, even in the pres-
ence of mechanical dampers, belng more susceptible to the nsta-
bitimy. This result is considered o do a comparison and o validate
the linear nateral modes of the blade, As a consequence of this, a
damper of 500Nmsfrad & incloded on the flap hinge and several
sirnulations are carried out. The result is displayed in Fig 12 (b)L
wherein the imaginary axes have been normalized ie., the come-
sponding numerical valwes have been divided by the main roror
angular speed. As shown, the flap modes are well located into the
left hand side of the plane. Parameter differences aside, Fig 12 (b)
clearly shows an agreement with the expected performance [31]
Mevertheless, the frequencies of the modes are slighitly different
due e the aprodynamic load was conskdered in reference (31| and
aerodynamic load akds to imcrease the frequency.

5.3 Simularions for vibranon generarion

The main goal of this subsection is to test the performance of
the embedded code, as a wal of helicopter structural features anal-
ysis. The main rotor is not a simple vibrating system as it consists
of several rotating bodies linked by hinges. lis continuous stare
of rofation and its vibration motion are superimposed on a rota-
tion. Other non-uniformites, equivalent o the rotatng force, can
be generated and they are able to produce a difference in centrifu-
gal force. As a consequence of this, the blades rotate under the in-
fluence of an unbalance of forces. This is the most frequeent cause
of unbalamce in the helicopter rotors. It should be borne in mind
that the centrifugal restoring constraint in the lag motion of an ar-
ticulated riged blade arocund a lag hinge s weaker than the flap
displacement [24|.

531 Dyfset flap hinges" wibraréons

Several simulations are done for two different offset values. The
sarmulations are run for several inivial flap angles on each blade o
insert an additional small unbalante on the main rotor Mades. thus
the corresponding blades flap stiffness springs generate diverse re-
action forces. The unbalanced masses on the main rotor, vaomm
and no gravity are also conssdered. The lag degree of freedom is
mat acthvated, neither the tail rotoer angular rotation. As it can be
sepqy, this simulation tool permits to select various helicopter con-
figuwrazions independently, which done especially wseful this ap-
proach.

Six degrees of freedom are presented on the helicopters fuse-
lage. The mass of the blades on the main rotor are assumed o be
ﬂl.ghl. unbalance: Mgy = 31.06 kE. My - 31.26 h:g, Mgy = 96 ks
and Mgy = 31.16 kg The flap hinge offcer for the four blades is
the same, el = 0,01 m The cormesponding initial flap angles are
selected as By = DU0175 rad, B = 00075 rad, #; = 006TS rad and
By = 0.0875 rad. The collective and cyclic fearher angles are zem
in the main rotor. The simulatlon time is 44.4 s, the initial an-
gular speed on the main rotor 5 £ =0 radfs and the main ro-
tor has an angular acceleration of 1 radfs®. This stage chould be
suirable o assume struciural unbalance in the helicopter configu-
ration, which will allow to assess the capability of the code a5 a
derection ol of vibrations. With this experimental sef up, simu-
lations are performed and the vibrations appear on the fuselage,
ready o be analysed. These condicons are just taken as example,
being possible o produce fuselage wibrathons with other several
combinations.

The study of these vibrations is done by analvsing spectrograrms
derived when a short rime Fourier transform s applied (STFT) The
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STFT of 2 signal K1) is able to be determined as:
(6)

Xt} 1= the sigmal under study, and M) 1s a finite support win-
dow funciion. The properties of the window function hif) hawve a
significant effect on the STFT result and showld be carefully se-
lected. The spectrograms of the signals [states’ rime histories) have
been worked our with an overlapping of 99% o get a good com-
promise between time and frequency resclunions and a d44.4 sec-
onds mme windew. The low and high freguency components wese
amicted, due o the size of the window, the spectrograms for the
first and the last seconds are not able o be shown However, the
different frequencies can be clearly identified.

Fig. 13 shows the vibration and the spectrogram of frequencies
an the fuselage X axis. As it can be seen, there are two predomi-
nant frequencies, the first is between zero and 7 Hz approximatehy
amd the second is observed between 4.5 Hz o 21 He In addition
to these, a third frequency is detected around 3.5 Hz, however this
becomes equal w the first frequency at the end of the simulation
tme, The sources of these frequencies are the main rotor acceler-
ation, the unbalance of masses and the different ininal flap angles
on the blades, respectively. The last one &5 detected due to the im-
pact that the inertial and centrifugal forces generated on the roat
af the blades as the main rotor is accelerated

A similar analysis is able to be done for the fuselage on the
¥ axis. The fuselage wibration and the spectrogram are plotied in
He 1L Two predominant frequencies are also ientified, their val-
ues are between zemo and 7 Hz, and 4.5 Hz 1o 21 Hz Finally, a third
frequency is detected around 3.5 Hz and after some seconds, this
reaches the frst frequency value at the end of the simulation. As

St w) = JII'-L XiTihir — the-mrdr

shown, the X and ¥ axes are sufficient o evaluate the capability of
this rotorcraft model as a detection reol of wibratons.

A second simulation must be done, in order to visualize the
impact of the offser flap hinge on the fuselage in form of vibra-
teom, for an accelerared rmain romor, The offset value is increased m
el = (982 m. The rest of the parameters and the Initlal condi-
tions remain constant. The maln purpose is to detect the impact
of the secondary vibrations around the fuselage X and ¥ axes for
a higher offset valve. The vibrations and the frequencies speciTo-
gram for the fuselage oscillations arcund the X axis are displayed
in Fig. 15. The spectrogram shows three predominant frequeencies,
rwwn of them were clearly observed for (el = 0.01 m) Howewer, a
third frequency is detected between 3.5 Hz to 9 Hz undl the end
of the simulation rime. Analogoses results are obtained for the fuse-
lage ¥ axis, see Fig. 16 S0, it has shown the impact of the offser
flap hinge on the fuselage for an accelerated main robor.

As shown Fig 15 (b} and Fig 16 {b), for large flap hinge off-
sef appears a third spectral component cleardy (black lines mark}.
However if the offset is reduced, the previous spectral component
matches with the main rotor frequency after some seconds, see
Faz. 13 (b) and Fiz. 14 (b).

532 Lag hinge vibrotions

The main roter lag hinge should be also aken into account in
order 1o study is impact on the fuselage. Thus, the centre of mass
of each blade Is shightly modified. This generates an unbalance that
adds a dynamic load on the main rotor. As a consequence aof this,
the vibrations on the fuselage should be sensed. The flap degree of
freedom is not implemented due o the stedy is done for a pure

lag hirge.
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The folkreing simulation stages are considered; the six degrees
of freedom are allowed on the fuselage. The mass of the blades
on the main and tail rotors are equally balanced. The centre of
mass of the fowr blades on the main rotor are unbalanced as ypy =
2HEAE M, Yy = 2 TE4E M, Yy = 28846 m oand vy, = 26846 m.
Collective and cyclic feather angles are zero in the main rotor The
tafl rotor amgular rotation |5 deactivated. The simulation time is
4 s, the inidal angular speed is zero and an acceleration of 1
radfs? is run. This configuration should be adequate to generate wi-
brations. Several ather combinations could be chosen, however this
one is provided to test the helwopter model capability as a toof
in rhe rotorcraft design. The result is showm in Figo 17, From the
speciragram a predominant component is detected on the fuselage
A axis, its value is bepween O and 7 Hz, approximacely. A second
frequency is observed around ¥ Hz and 9 Hz, being its tme in-
terval 5 s, after this the signal disappears. Similar spectrogram is
figured out for the fuselage Y axis, being the resulr analogows see
Fig 18, The sources of these frequencies are the main rotor accel-

eration and the additsenal dynamic load produces by the unbal-
ance on the blade centre of mass. The last one generates a force
at the blade root that it is transmirted to the fuselage. When the
main roor angular speed achieves certain value, the slight unbal-
ance has ot any effect. Due to the blades are rotating uniformily
among them and the cormesponding main rofor angular speed can-
cels irs impact

A second simularion is carmed out for the same condirions and
parameiers. Mevertheless, the unbalanced centre of mass 15 modi-
fied as foliows yyp = 39846 m, yyp = 1.7846 m, yyz = 385846 m,
Vg = 1.6846 m for the blade one, two, three and four on the mains
rotor, respectively.

From the spectrogram in Fig 19, the fuselage oscillatons
around the X axis displays a frequency which value s between 0
and ¥ Hz, appraximately. A second frequency between 6 Hz and
12 Hz Is also observed, its interval of time & 10 @ 26 5 In oom-
parison to the previous resuls, it s clear thar if the unbalance of
hlade centre of masses is increased, the frequency of vibrations ap-
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Fig. 19, {a) Fuselage osolllanions on the X axis for yan = 19846 m, yen = L7245 m, yen = 18846 m, vew = LEBSE m. {b) Specrrogram of the vibraions shows various
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pearing on the fuselage also increases. This vibsatien s presented
during certain penod of ume, after this dsappears. The origin of
each frequency is equal to the dealt with in previous case. How-
ever, there Is a significant difference, when the unbalance of blade
centre of masses has been raised, the speciral compomsent assock-
ated o this, has shown thar its impact is larger.

The vibration appearing around the fuselzge ¥ axis s studied
in similar manner. From Flg. 20, it &5 able o see a predominant
frequency berween 0 and 7 He approximately. A second frequency
arises around 5-12 Hz, during the interval of dme 10-26 5, after
this the signal s vanished. The source of each frequency is analo-
gous o X axes explained above.

A5 the main rotor is accelerated from O radfs o 44.4 radfs, there
s an applied dynamic load causing a moment. This shows its af-
fect until 21 radfs approcimately, a5 @ is indicated in blue arrows
[Fige 17 [B) and 12 (b)) If the angular speed is greater than this
valwe, the vibration disappears. On the other hand, if the unbalance
of centre of masses & increased, the speciral components rize as

well, The vibrations persist for a longer interval of time, see Figs.
19 (b and 0 (b} (black arrews) 5o, the impact of the lag hinge
has been observed on the fuselage due to the unbalance on blade
centre of masses.

. Conclusions

The rotorcrafi modelling problems and their inhereat nonlin-
garities are a cumbersome task, the multibody dynamics approach
can shed light on these. Thus, this work presents a helicopier dy-
namic madel which is capable w transmit periurbations from the
main rotor 0 the fuselage in form of vibeations. The model has
been implemented in VehicleSdm, a program that allows to estab-
lish a system as a composigon of several bodies and constrains
by using a parental relanonship strscture, This software has been
used because the system noolinear equarions as well as the state
space matrices are derived, and the nonlinear dynamics couplings
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are achieved. As a consequence of this, the ViehicleSim implemen-
tation tasks have been dealt with.

In order o control the accelerated rotors angular speed, two
MO controliers have been modelled. Due to it is the more straight-
forward controd that it s able to be developed without required
the use of external software in VehicleSim. This is a mandatory as-
pect. if an embedded code is programmed using this, exclusively.
The approach is effective to accomplish the demanded objectives
and o achieve some advantages such as the reduction of the com-
pilation time as well as the code portabilicy. In addition to this, the
state space has allowed o stedy and validate the main rotor un-
coupled flap and lag modes. This was done as the rotorcraft non-
linear equations of motion were obtained in C, the time histories
were derived and the linearised state space model was generated
In symbsolic form as a Matlab file. In YehicleSim, a typecal local sta-
bility study requires the importation of quasi-steady time histories
from the nonlinear simulation to the symbolic Enearised equations
of motien. The mode shapes have been studied and the results ev-
idenced good agreement with theoretical findings existing in the
literature,

To study the wvibrations appearing on the fuselage’s roll and
pitch axes, some parameters have been changed, such as the off-
5ol flap hinge, the blade centre of mass and the inirial blade flap
angle. Besides, an unbalance of mass on the main rotor blades has
also been taken inte account. The rodl and piich axes have been
sufficient to assess the capability of the model as a detection tool
of vibrations. Vamous tests were carried out o determine the im-
pact that the offset flap hinge and the lag hings have under the
acuon of these conditions. In both set of simulations and doing
use of the short time Fourier ransform, the contribution of these
hinges as sources of vibration were tested.

The authoes expect o increase the complexity of the dynamécal
madel in further works, as for example, including the blades flex-
ibility. The study of the implementation the nonlinear controflers
into WehicleSim [ a task that must alsp be considered for Future
works. Mevertheless, the main goal of this work is 1o set up the
basis of an embedded helicopter model code by using VehicleSim
only, and to assess its capabiliny to detect the impacr of the vibra-
thons on the fuselage. In summary, the work here presented pro-
vides a modelling method for the detection dynamic vibration in a
helicogter model for an accelerated main rotor.
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