“ Bbnrapcko cnucaHue 3a

UHOCTPOCHETO, TpaHCIIOpTa, JIOTUCTUKATA,

HOEJ U OBXBAT
,,DBITapPCKO CIMCAHUE 33 WHXKEHEPHO NMPOCKTHpaHe” € MEPUOJUYHO HAYYHO CIIMCAHUE C IIMPOK Hay4yeH U
Hay4HO-IpwIokeH npodui. Llenara My e 1a npenocraBu akageMudeH (GopyM 3a OOMEH Ha WU MEXAY yde-
HHUTE, U3CIIEJ0BATEINTe, HHXKCHEPUTE, IOTPEOUTEINTE U MPOU3BOAUTENNTE, padoTen B 00JacTTa Ha Ma-

MPOEXTUPANE

Opou No24, okTomBpM 2014r.

CHEPreTUKaTa, TCXHOJIOTMUTE, CbBPEMCHHOTO KOMIIIOTBPHO

IMPOCKTHUpPAaHE, a ChIIO TaKa U B o0jacTTa Ha Ppa3JINiYHU UHTCPAUCHUIUIMHAPHA HAYYHU U HAYYHO-TIPHUIIOKHU
HpO6HCMI/I. I/I3£[3.TCJ'II/IT€ IMPUBETCTBAT HAYYHU ny6nm<au1/11/1 C BUCOKO Ka4€CTBO U 3HAYMMU HAy4YHH, HAYHIHO-
TPUJIOXKHHU U TBOPUYCCKU INPUHOCH.

M.T.I'eoprues
I'.JllokeH:KMEeB

M./lenueB
HN.ManakosB
ILILIIerpos
B.Ilanos

M.3.I'eopruen
H.JI.Huxonos

M.I'eoprues

B.Xpucros

Ch.Apostolopoulos

J.YepBsikoB

O.J/IHCOBHYEHKO

PEJAKIIMOHHA KOJIET'USL

Ipencenaren
B. I'puropos, TY-Codusi, beirapus

TY-Codwust, Bearapust
TY-Co¢us, brirapus

TY-Codus, brirapus
TY-Co¢us, brirapus
TY-Co¢us, brirapus
TY-Codust, Bparapust

TY-Codust, Bparapust

TY-Co¢us, brirapus
MI'TY CrankuH,
Mocksa, Poccust

103V , H.Puicku”
bnaroesrpan, bearapus

University of Patras, Greece

IOro-3ananuslii roc. yHu-
Bepcurer, Kypck, Poccus

Hanuonanen texuuueckn
YHHMBEPCUTET, YKpakiHa

K.lemeTrpamBuian
C.CumeoHoB

B.Hukoany
A.SIHakueB
H.Yepnes
B.Lepadatescu

N.Zrnic
M.Jovanovic

D.Michalopoulos
N.Kubota
C.EmeibsiHOB

B.Cnacos

B.KupunioBuu

PenakTop
P.Murpes, TY-Codusi, brarapust

TV, Tounucwu, ['py3ust
TV, bepHo, Uexus

Yuausepcurer B Hum,
CobpOust

Notingham Trent University,
UK

University of Auvergne,
France

Transilvania University of
Brashov, Romania
University of Belgrad,
Serbia

University of Nish, Serbia
University of Patras, Greece

Tokyo Metropolitan Univer-
sity, Japan

IOro-3amayuelii roc. yHU-
BepcureT, Kypck, Poccust
BTYVY ,,T.Ka6nemkos*, Co-
¢us1, bparapus

JKutomupcku appkaBeH
TEXHOJIOTHYECH YHUBEPCHUTET,
Vkpaiina

Hzparen: MammnocTtpouteneH dakynrer, Texunuecku yauepcurer-Codus. ISSN 1313-7530; Aapec na
penakuusaTa: Codus, Oyn.Kmument Oxpuncku Ne§, Texuuuecku Yuusepcurer-Codus, 6:1.4, MammHocT-
pouteneH gakynret; EnexTponna Bepeusi: bjed.tu-sofia.bg.

Cnucanuero ce unaekcupa B Index Copernicus: www.indexcopernicus.com



EBngarian journal for n

issue No24, Octoher 2014

AIM AND SCOPE
Bulgarian Journal for Engineering Design is a periodical scientific issue covering wide scientific and applica-
tion areas of engineering activities. The aim of the journal is to provide an academic forum for exchange of
ideas and information between scientists, engineers, manufacturers and customers working in the spheres of
mechanical engineering, transport, logistics, power engineering, modern computer — aided design and tech-
nology and solving different interdisciplinary scientific and applied problems. The editors welcome articles
of substantial quality bearing significant contribution to the engineering knowledge.

EDITORIAL BOARD

Chairman
B.Grigorov, TU-Sofia, Bulgaria

M.T.Georgiev TU-Sofia, Bulgaria K.Demetrashvili TU, Thilisi, Georgia

G.Diukendzhiev TU-Sofia, Bulgaria S.Simeonov TU, Brno, Czech Republic

M.Denchev TU-Sofia, Bulgaria V.Nikolich Nish university, Serbia

I.Malakov TU-Sofia, Bulgaria A.Ianakiev E}o(tmgham Trent University,

P.P.Petrov TU-Sofia, Bulgaria N.Chernev University of Auvergne,
France

V.Panov TU-Sofia, Bulgaria B.Lepadatescu Transilvania Umyersny of
Brashov, Romania

M.Z.Georgiev TU-Sofia, Bulgaria N.Zrnic Umv_ersny of Belgrad,
Serbia

N.L.Nikolov TU-Sofia, Bulgaria M.Jovanovic University of Nish, Serbia

M.Georgiev ﬁGTU Stanklr}, D.Michalopoulos University of Patras, Greece

oscow, Russia
V. Hristov SWU , N.Rilski N.Kubota Tokyo Metropolitan Univer-

Ch. Apostolopoulos

Blagoevgrad, Bulgaria
University of Patras, Greece

South West State University,

S.Emelianov

sity, Japan

South West State University,
Kursk, Russia

VTU ,,T.Kableshkov*, Sofia,

L.Cherviakov Kursk, Russia V.Spassov Bulgaria
. National technical universi- NP Zhytomyr state technologi-
O.Lisovychenko ty, Ukraine VKirilovich cal university, Ukraine
Editor

R.Mitrev, TU-Sofia, Bulgaria

Publisher: Mechanical Engineering Faculty, Technical University-Sofia. ISSN 1313-7530; Publisher Ad-
dress: Bulgaria, Sofia, Kliment Ohridski blvd. Ne§, Technical University-Sofia, Mechanical engineering fac-
ulty; Electronic version: bjed.tu-sofia.bg.

The journal is indexed in Index Copernicus: www.indexcopernicus.com



Bwarapcko cricanue 3a HHKEHEPHO MIPOeKTUpaHe, Opoit 24, okroMspu 2014r.

DYNAMIC ANALYSIS OF A DRIVE TRAIN OF A WIND TURBINE WITH
FAULT CAUSED BY TOOTH CRACKING

Michael TODOROV
Department of Aeronautics, Technical University of Sofia, Bulgaria
e-mail: michael.todorov@tu-sofia.bg

Abstract: Planetary gear systems are widely used in wind power systems because of the advantages of compact design,
large carrying capacity, and high transmission efficiency. Despite these advantages, the several conditions under which
such gears are typically used may lead to failure. Tooth cracking is frequently encountered failure mode. The damage of
teeth (tooth crack) is modeled for a wind turbine drive train. The drive train has got a three-stage gearbox that contains two
high-speed parallel gear stages and a low-speed planetary gear stage. The proposed dynamic model of a wind turbine also
includes a rotor and an electric generator. The model consists of 10 bodies and has got 11 degrees of freedom. The aero-
dynamic and generator torques are applied as external loads. The influence of tooth crack on the gear mesh stiffness is
scrutinized. Healthy drive train dynamic response and response of drive train containing tooth crack are compared.

Keywords: crack, gear mesh stiffness, drive train, wind turbine, dynamic analysis

1.INTRODUCTION .

Drive Train

The wind energy application has been growing GG.:

rapidly for the last few years. In the last ten years the Rotor Blades

global installed capacity of wind energy has in- Mechanical Brake
creased 20 times. This trend is expected to continue o

in Europe. However, the increase of the wind turbine Hydraulic System

sizes leads to component failures and an increase of Other

operation and maintenance costs and subsequently, ;':::;:‘SC;"‘:::

the cost of energy. Therefore, there is a need for the T T T T,

i try t th ind t i t1 t ) Downtime per faiure (days)

%ndus v ~O redl'lce' : N Wmd- urblr}e den ime and .0 fig. 2 Downtime of turbine subsystems [22]
increase its reliability. An investigation of dynamic

behavior of wind turbine can potentially help for de- Figure 3 illustrates the gearbox damage distribu-

tecting incipient failures early, thereby reducing the ¢4, published by NREL database [22, 23, 36].
reasons for catastrophic failures. T

Figures 1 and 2 illustrate the failure statistics L e
published by Wissenschatliches Mess- und Evalu-
ierungs- programm (WMEP) database from 1993 to
2006 [22, 23, 36].
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fig. 3 Gearbox damage distribution [23]

Other [E—— From the figures it can be seen that the electrical
Elctrical Control systems had highest failure rate, but the gearboxes
Blectrcal System ' caused longest downtime per failure. The gearbox
° ot 2 Caiweoviervear 0s damage distributions show that both bearing and gear

fig. 1 Reliability of turbine subsystems [22] faults are concentrated in the parallel section.
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Design calculations for a wind turbine are based
on simulation of mechanical loads on the turbine
components caused by external forces. The external
forces are the wind, the electricity grid and sea waves
for offshore applications.

The multi-body simulation techniques are used to
analyse the loads on internal components of drive
trains. All drive train components are treated as rigid
bodies. The linkages in the multi-body model, rep-
resenting the bearing and tooth flexibilities, are
modelled with a springs acting in the plane of action
[7,9, 12,13, 24-26].

It is also used a flexible model in which the drive
train components are modelled as finite element
models instead of rigid bodies. This model adds a
possibility of calculating stress and deformation in
the drive train components at the same time. Any
addition to the model leads to additional information
about dynamics of the drive train but makes the
modelling and the simulation more complicated [1,
11, 18].

The modern wind turbines have a planetary
gearbox. Studies on the vibrations in a planetary gear
system have been done in [1, 3, 5, 15, 16]. The tooth
meshes are modelled as a linear spring with stiffness
that is a time function. For this reason the vibration
equations of a planetary gear system are differential
equations with periodic coefficients, [15, 16, 28].

The applications of these modelling techniques on
different drive trains of wind turbines are presented in
[1,9-12, 18-21, 24-26]. References [29, 30] present
the numerical investigations for the given wind tur-
bine in this paper, where the meshes stiffness are
modelled as constant springs. In this case the differ-
ential equations, which describe the torsional vibra-
tions of the wind turbine, have constant coefficients.
In [31, 32, 34], a dynamic model of wind turbine is
proposed, where the mesh stiffness is modelled as a
time function, and the aerodynamic and electro-
magnetic torques are constants. In Ref. [33], the same
dynamical model is proposed, but the aecrodynamic
and electromagnetic torques are modelled as time
functions.

References [2, 4, 28, 35, 37, 38] present the ef-
fects of tooth damages and the wearing on the gear
dynamics. Typical gear failures are: broken tooth,
cracked tooth, worn tooth, pitting, spalling and chip-
ping. Several approaches are proposed in these ref-

erences to understand the influence of local damages
on the dynamic behaviour of gearbox.

2. DYNAMIC MODEL OF WIND TURBINE

The wind turbine consists of a rotor, a drive train
and a generator (Fig.4).

Safety coupling

Gearbox Generator

Nﬁccelle

Rotor

High-speed shaft
Gearbox
suspension
Low-speed shaft
Main bearing

Tower

fig.4 Schematic sketch of wind turbine

The drive train has a gearbox with three stages.
The gear stages include two high-speed parallel gear
stages and a low-speed planetary gear stage (three
identical planets with spur teeth, sun and fixed ring
wheel) (Fig.5).

fig. 5 Sketch of gearbox: h-hull, c-carrier, p1,2,3-planets,
s-sun, gl,2,3-gears
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The dynamic multi-body model is shown in Fig.6.
It consists of a rotor with 3 rigid blades, a low-speed
elastic shaft, a gearbox with 3 gear stages, a
high-speed elastic shaft and a generator rotor. Thus,
the model consists of 10 bodies and 11 DOF’s.

Rotor Low-speed shafi ~ Carrier ~ Gearbox hull Planet 1 Sun High-speed shaft

jear 3/ Generator rotor

C- hull support stiffness
C,,- ring-planet stiffness
Cps- planet-sun stiffness
Cy12- gear 1-gear 2 stiffness

C,p3- gear 2-gear 3 stiffness

C, - low-speed shaft torsional stiffness
C; - medial shaft torsional stiffness

Gear 1

Planet 2

Medial shaft Planet 3

C; - hight-speed shaft torsional stiffness

Fig. 6 Dynamical model of wind turbine

The differential equations, describing the tor-
sional vibrations of the wind turbine, are

Mg +[C-a’C, lq=T
where q is the degrees of freedom vector

A=l b 4 b be be b b b b b
and M is the inertia matrix, C is the stiffness matrix,
and C,, is the centripetal stiffness matrix. The angles
éi (i=h,c,r,pl,p2,p3,s,g1,g2,23,gn) are the rotational
angles of the ring (gearbox hull), carrier, rotor (hub),
planet 1, planet 2, planet 3, sun, gear 1, gear 2, gear 3
and the generator rotor (Fig. 6). The vector of the
external forces, T, caused by the wind and the elec-
tricity grid, is
T=0 0 7

e 0000000 T,[
The non-zero numbers of inertia matrix M, stiff-

ness matrix C, and C, can be seen in [31, 32].

Gear Mesh Stiffness

e Healthy (perfect) gears

The gear contact forces between wheels are
modelled by linear spring acting in the plane of action
along the contact line (normal to the tooth surface),
[3-5, 15, 16]. The stiffness gear is defined as a normal
distributed tooth force in a normal plane causing the
deformation of one or more engaging tooth pairs,
over a distance of 1 um, normal to an involute profile
in a normal plane, [6]. This deformation is a result
from the bending of the teeth in contact between the

two gear wheels, the first of which is fixed and the
other is loaded. The stiffness varies in the time and
can be expressed in a time Fourier series form, [14,
15]. Each mesh stiffness is presented by
c,(t)=C, +C,

where C, and C, ~are mean and time-varying

components of the stiffness. The variation part is pe-
riodic with frequency Q, = z,o; (z, is the number of

teeth on the gears, , is mean angular velocity of the
gear shafts) and it is expressed in Fourier series as

Cg,v = 2CgVS i (as sinsQ;t + b, cossQit)
s=1

where

a, = 2 sin[sn(a - 2p)]sin(s1'cs)
ST

b, = —icos[sn(s - 2p) sin(sns)
STC

Without loss of generality, it can be accepted that

p =0 (p is the phasing between planets) [15]. In

practice, three or four Fourier terms reasonably ap-
proximate the stiffness variation.

The rectangular waves are often used to ap-
proximate the mesh stiffness between 2 pairs of teeth
in contact [3, 5, 16]. In this study, the Cgl_v are speci-

fied as rectangular waves with variational amplitudes
and periods.

The rotating frequency of the carrier, sun, planets,
and mesh frequency for the planetary gear stage can
be calculated by

Q. =w/27
QS = a)ﬁ' (Z\ + Zr )/ZS
Q,= (a)szs —wc(zs +z, ))/zp
Q. =.2,

mesh

e Tooth Crack Defect Modelling

It has been established [4] that gear tooth failure
will induce amplitude and phase changes in vibration,
which in turn can be represented by magnitude and
phase changes in gear mesh stiffness. The
tooth-crack-induced variations of mesh stiffness used
for this simulation is shown in Fig.7.

An amplitude modulation of the gear mesh signal
is excepted from this crack-induced change. The new
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mesh signal, resulting from crack defect modelling
can be expressed by

C,, (0=C, (1d(1)

where d(?) is the modulating function.

Stiffness (N/m)

6.5

Time .(sec)

fig.7 Photo of tooth cracking and effect on mesh stiffness

As a result of this amplitude modulation, an ex-
citing force is appeared, and the frequency content of
the response is also affected [4, 5].

Assuming a localized tooth crack on only one sun
tooth, the defect frequency is written as

Q,=3Q,-9,)

3. RESULTS

All calculations are accomplished by using the
codes of MATLAB.

The drive train data can be seen in [30, 31]. It is
assumed that the aerodynamic torque and electro-
magnetic torque are 7, =-7, = 15000 Nm. The

aero gen

rotor is turned with angular velocity o =18 tr/min. It
is also assumed that there is a cracked tooth of the sun
of the planetary gear stage. The rates of degradation
of stiffness are 25% and 50% respectively. Figure 8
presents the time series of torsional vibrations of the
wind drive train hull. The vibration signal of the
gearbox hull can be easily measured, and thus to be
made some conclusions about the state of the gear-
box.

In Fig. 8b and c, the influence of cracked tooth of
the sun of the planetary gear stage on the vibration
signals is shown for the both degradation values. It is
seen that the greater is the degradation of the stiff-

ness, the obvious periodical impulses caused by the
cracked tooth are appeared. This carries diagnostic
information that is important for extracting features
of tooth defects.

T T T
— perfect gear teeth

08— -4+ —— -0 — L - —d__

¢, [rad]

¢, [rad]

¢, [rad]

"20 20.5 21 21.5 22 225 23 235 24
Time (sec)
fig. 8 Hull torsional vibration. From top: healthy case; sun
cracked tooth with degradation of stiffness are 25% and
50% respectively
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4. CONCLUSION

In this paper, a detailed multi-body model of the
wind turbine with a complex drive train was devel-
oped to examining the gearbox dynamics in the
presence of defect such tooth cracking. This defect
was modelled by an amplitude fall of the sun-planet
gear mesh stiffness. The time series of rotation angle
of the drive train hull was presented. The teeth crack
effect on the gear mesh stiffness leads to an increase
of impulses corresponding to the mesh of defected
tooth. This information is very useful in a condi-
tion-monitoring system and can detect defect during
early stage of failure in wind turbine gearbox.
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