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Abstract

Three phase short circuit power converter faults in wind turbines (WT) result in highly dynamic generator torque reversals,
which lead to load reversals within the drivetrain. Dynamic load reversals in combination with changing rotational speeds
are, for example, critical for smearing within roller bearings. Therefore, an investigation of the correlation between three
phase short circuit converter faults and drivetrain component failures is necessary.

Due to the risk of damage and the resulting costs, it is not economically feasible to extensively investigate three phase
short circuit converter faults on test benches. Valid WT drivetrain models can be used instead. A WT drivetrain model,
which has been developed and validated in a national project at the CWD, is used and a three phase short circuit converter
fault is implemented. In this paper, the resulting torque load on the drivetrain for a three phase short circuit converter fault
in rated power production is presented. This converter fault leads to a highly dynamic reversing electromagnetic torque
which exceeds the rated torque by a factor of three. As a result the load on the rotor side high speed shaft (HSS) bearing
oscillates and increases by around 15 per cent compared to rated power production. Simultaneously the rotational velocity
of the HSS oscillates with an amplitude of 10rpm. Therefore an increase in the risk of smearing is expected.

Simulative Untersuchung der Getriebelasten einer Windenergieanlage wahrend eines
Umrichterfehlers

Zusammenfassung

Dreiphasige Kurzschliisse in den Umrichtern von Windenergieanlagen (WEA) fiihren zu hochdynamischen Drehmomentan-
regungen des Generators. Die hochdynamischen Generatoranregungen fiihren zu hochdynamischen Anregungen des mecha-
nischen Triebstrangs und damit zu Lastwechseln in den Komponenten. Dynamische Lastwechsel in Kombination mit wech-
selnden Drehzahlen sind kritisch fiir dynamisch getriebene Schiden (z.B. Anschmierungen in WEA-Getriebewilzlagern).
Deshalb ist eine Untersuchung des Zusammenhangs zwischen dreiphasigen Umrichterkurzschliissen und Schidden an me-
chanischen WEA-Triebstrang-Komponenten notwendig. Aufgrund des Risikos fiir Schiden an der WEA und des Priif-
standes ist es wirtschaftlich nicht sinnvoll, Umrichterkurzschliisse auf Priifstinden zu untersuchen. Stattdessen konnen
validierte Simulationsmodelle genutzt werden. In dieser Studie wird das validierte Simulationsmodell der Forschungs-
windenergieanlage (FVA-Gondel) des CWD verwendet, ein dreiphasiger Kurzschluss zwischen Generator und Umrichter
implementiert und dessen Auswirkung auf den mechanischen Triebstrang untersucht. Der Umrichterkurzschluss fiihrt zu
einer hochdynamischen Anregung des Generatormoments mit signifikanter Momenteniiberhohung. Als Folge der Anre-
gung oszilliert die Radiallast des rotorseitigen Zylinderrollenlagers an der schnelldrehenden Welle (HSS) des Triebstrangs
und tiberhoht initial um 15 Prozent. Gleichzeitig oszilliert die HSS-Drehzahl. Folglich ist eine Erhohung des Risikos fiir
Anschmierungen zu erwarten.
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Fig. 1 Schematic of the WT model with the three phase fault
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1 Motivation

The importance of wind energy in the energy supply of the
future will increase in coming years while costs for WTs
steadily fall [1]. One driver for WT costs is the reliabil-
ity. In order to improve the reliability all loads during the
lifetime need to be considered in the design process. The
loads on drivetrain components resulting from the wind are
dependent on various aspects, e.g. the rotor blade design.
The drivetrain is also loaded by the generator, the power
converter and the grid. During normal operation of the WT
the load resulting from the generator, the power converter
and the grid is quasi static.

Highly dynamic generator torque excitations can, for ex-
ample, occur as a result of a three phase short circuit due to
a damage in the machine-side phase module of the power
converter resulting in a permanent conducting state. Ac-
cording to Scott [2] and Bartschat [3] WT power convert-
ers have a high failure rate. These failures include minor
faults e.g. in the software that can be cleared fast as well as
major faults e.g. in the phase modules [3]. In a preliminary
study at the CWD a converter fault has been emulated via
a crowbar set up for an idling WT drivetrain. The resulting
generator torque lead to a highly dynamic HSS excitation
with torque ramps of up to of 418 kNm/s [4]. Furthermore,
Heier [5] states that converter damages resulting in a three
phase fault between the generator and the converter during
power production can lead to highly dynamic torque ex-
citations that exceed the rated torque by factors of up to
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six. These dynamic excitations can have a negative impact
on the lifetime of the components within the drivetrain.
Highly dynamic load reversals in combination with signif-
icant slip induced by changing rotational speeds are, for
example, critical for smearing within roller bearings, e.g.
in WT gearboxes [6, 7]. Faults in the gearbox are the main
driver for WT downtimes [2]. This is due to the length of
time to repair the gearbox fault. Within the gearbox the
HSS bearings account for around 40 per cent of failures [2,
8]. Therefore, it is necessary to investigate the correlation
between three phase short circuit converter faults and HSS
bearing damages. It is not economically feasible to do the
investigation via extensive tests on a WT test bench be-
cause of the high risk of damages to the WT components
and the test bench. Instead, valid WT drivetrain models can
be used.

2 Approach

A model of a WT is used in order to investigate the influ-
ence of a three phase short circuit converter fault on the
loading of drivetrain components. The model specifics are
discussed in Chap. 3. In Fig. 1 the schematic framework of
the WT model is shown. A three phase fault is implemented
between the generator and the converter in order to emu-
late the three phase short circuit converter fault. The three
phase fault has the same effect as a damage in the machine-
side phase module of the converter resulting in a permanent
conducting state.

The model of the three phase fault is set up as a three
phase circuit breaker (see Fig. 2). All three fault resistances
Ru, Ry and Ry are set to a low value of 0.001 2. The closing
time of the breaker is set to t = 10s for all three phases U,
V and W which results in a state similar to a short circuit
between the three phases and the ground.
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Fig.4 MBS model of the research nacelle on the test bench at the
CWD

In Fig. 3 (left) the stator currents and the electromag-
netic generator torque (right) for a converter fault at t =
10s during rated power production are shown. Due to the
short circuit the stator voltage drops and the stator current
surges. Accordingly, the generator torque increases rapidly
[5, 9, 10]. The highest peak in the electromagnetic gener-
ator torque exceeds the rated torque by a factor of around
three. This significant overload could be detrimental to the
coupling between generator and gearbox as well as to the
components within the gearbox [5]. After the initial peak
the generator currents start to decline exponentially since
the stator voltage approaches zero. The time constant 7 of

Table 1 Specification of the generator of the research nacelle

Specification Value

Type Asynchronous
Number of pole pairs 3

Apparent power 3 MVA

Rated voltage 720V

Rated current 2564 A

Rated torque 24.7kNm
Rated rotational velocity HSS 1100rpm

Time [s]

the exponential decrease can be calculated with the follow-
ing equation [10]:
Ry +Xr

R+ X +X, m
r r m 1
R, (D

L+
Ty =

Here L and R; are the stator leakage inductance and
resistance, L, and R, are the rotor leakage inductance and
resistance and L, is the magnetizing inductance of the gen-
erator. X, and X, are the rotor and magnetizing reactances,
respectively. This yields a time constant of 7z = 109.5ms
for the given generator and operating point. The electro-
magnetic torque declines exponentially as well and reaches
nearly zero after 0.3s. The electromagnetic torque excita-
tion is calculated in Simulink and connected to the MBS
model of the drivetrain via co-simulation. The resulting
drivetrain loads are discussed in Chap. 4.

3 Models

The model of the WT (see Fig. 1) connects the MBS model
of the research nacelle drivetrain with analytical models for
the control, the generator, the power electronics and the grid
via co-simulation in Matlab Simulink [11, 12]. The MBS
model also includes the test bench (see Fig. 4). The test
bench model is used because it has been validated via ex-
tensive tests according to IEC 61400 [11, 12]. Additionally,
tests regarding a converter fault emulated via a crowbar set
up with the WT research nacelle in idling mode, i.e. with-
out power production, were conducted. The tests with the
crowbar set up lead to a highly dynamic torque excitation.
Using the measurement data it was possible to validate the
dynamic behaviour of the MBS drivetrain model during this
fault [4, 13].

The control model emulates the behaviour of the nacelle
during power production. The load on the HSS due to the
converter fault is the focus of this paper. Therefore, the
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Fig.5 MBS gearbox model of the research nacelle (left) with the de-
tailed bearing model (right)

loading due to the wind is simplified by a speed control
model disregarding the non-torque loads. The speed con-
trol sets a torque with regard to the actual speed and the
reference. The torque is applied to the drivetrain via the mo-
tor model (see Fig. 4). Accordingly, the HSS rotates with
a rated rotational speed of around 1100rpm until the fault
is triggered.

The model of the electric system consists of a gener-
ator model, a model of the full size power converter and
a model of the grid. The generator is modelled as a three
phase asynchronous induction machine. The parameters of
the generator are implemented according to manufacturer’s
data (see Table 1). The analytic generator model represents
the fundamental waves of the electromagnetic force gener-
ation. This modelling depth was determined to be sufficient
for the investigation of damage relevant loads within the
drivetrain of the turbine [11].

The full size converter model was modelled according
to state of the art guidelines. The grid model is a parameter
model only representing its inductances [11]. In order to
emulate a three phase short circuit converter fault, a three
phase short circuit is implemented between the converter
and the generator (see Figs. 1 and 2).

FE-models have been set up and modally reduced in
order to implement the stiffness characteristics and defor-
mations of all relevant components in the MBS model. By
taking into account all relevant deformations of the research
nacelle and the test bench it is possible to calculate internal
load states [11, 12]. The gearbox has one planetary stage
followed by two helical gear stages with a resulting gear
ratio of 62.775. The gear pairs are modelled using a gear
pair force element including backlash. The bearing charac-
teristics are implemented based on manufacturer data via
force elements using one dimensional curves for radial and
axial direction including non-linearity and clearance [12].

For the investigation of the bearing loads at individual
rollers a detailed MBS model (see Fig. 5, right) developed
by the drivetrain research association (FVA) [14] is imple-
mented on the rotor side of the HSS. This model explicitly
represents the outer ring, inner ring, cage and rollers as well
as the lubricant.
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Fig. 7 Radial load of the cylindrical roller bearing
4 Results

The torque load for the three phase short circuit converter
fault during rated power production for the generator, the
HSS and the drive is shown in Fig. 6. The electromagnetic
torque reverses with a frequency of 54.5Hz which corre-
sponds to the nominal frequency of the stator currents. The
generator is coupled to the HSS via a steel disk coupling
which is modeled using design parameters supplied by the
manufacturer [11]. Therefore, peaks in the generator torque
are damped. The drive still applies the rated torque (see
Fig. 6, green line) for around two cycle times until the con-
troller decreases the drive torque. The drive torque reaches
zero, 0.3 s after the fault occurs. The drive torque decreases
slower than the generator torque due to the high inertia. As
a result the HSS torque (see Fig. 6, black line) is not as dy-
namic as the generator torque. 0.3 s after the fault occurs,
neither the drive nor the generator excite the drivetrain.
Therefore after ¢+ = 10.3s the HSS torque oscillates with
the first natural torsional frequency of the drivetrain on the
test bench of around 6 Hz (see Fig. 6).

The torque excitation (see Fig. 6) leads to an oscillating
radial force (see Fig. 7) on the inner ring of the rotor side
HSS bearing (see Fig. 5). The radial force increases initially
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Fig.9 Speed of rotation of the inner ring of the bearing model

by around 15 per cent of the rated force. After 0.3 s of the
initial increase the radial load of the bearing diminishes
almost completely due to the decreasing applied torques
(see Fig. 6).

The radial bearing load on the inner ring (see Fig. 7) is
distributed to several rollers in the load zone [15]. During
the converter fault starting at t = 10s the contact force be-
tween the inner ring and the rollers in contact increases.
Accordingly, the maximum Hertzian contact pressure [16]
between the rollers and the raceway increases by a maxi-
mum of around 5 per cent before it decreases (see Fig. 8).

The inner ring of the bearing is fixed on the HSS. In
Fig. 9 the speed of rotation of the inner ring of the bearing
model during the fault is shown. Initially after the converter
fault at # = 10s the electromagnetic generator torque ex-
ceeds the drive torque (see Fig. 6). Therefore, the rotational
speed decreases initially. Due to the reversing generator
torque with peaks in both negative and positive direction
the rotational speed of the HSS oscillates with an ampli-
tude of 10rpm. The controller decreases the drive torque to
zero, 0.3 s after the fault occurs. Due to the high inertia of
the rotor the driving torque decreases slower than the gen-
erator torque. Therefore, the rotational speed of the HSS
increases to a maximum of around 1220rpm before it idles
until stillstand.

Due to the oscillating rotational speed in combination
with the load reversal it is possible that there is a severe
increase in slip between the rollers and the raceways. As
a result of the oscillating load in combination with the in-
crease of slip it is likely, that the risk of smearing during
the short circuit converter fault increases for the rotor side
HSS bearing [6, 7, 17].

5 Outlook

The kinematics of each roller in combination with the load-
ing will be used for the evaluation of the risk of smearing by
calculation of a smearing criterion. There are different state
of the art smearing criterions [6, 7, 17—19] that are all based
on energetic equations. Fundamental to these equations is
the friction power intensity [17]. Dyson [17] concluded that
the occurrence of smearing during tribotesting is always ac-
companied by an increase in measured friction. Dyson also
stated that smearing can only be generated when significant
slip is present between the contact partners. In analogy to
the state of the art van Lier [6] defined a smearing criterion
which is based on the power P per loaded area A:

P

(;) = max (05 (1) - prar(®) - (1 (1) =12(0)) @)

u(t) describes the friction coefficient for the contact be-
tween the roller and the raceway, py.x is the maximum
Hertzian contact pressure and u;(¢) — u,(¢) describes the
sliding speed between the roller and the raceway. In order
to estimate the risk of smearing the value of the criterion can
be compared to state of the art thresholds which range from
1.05-108to 1.4- 103 [19],t0 1.5- 108 [18] t0 2.6- 103W - m™2
[7]. By comparing the simulation results to these thresh-
olds, it is possible to evaluate the smearing risk within WT
bearings for three phase short circuit converter faults. The
analysis of the roller kinematics and the smearing criterion
will be part of future works.

Furthermore, local loads on the gear flank and in the
tooth root of the gear during short circuit converter faults
will be investigated. This will be done in cooperation with
the Laboratory for Machine Tools and Production Engineer-
ing (WZL) by using detailed FE based tooth contact models
[20].

The models will also be used to conduct extensive sim-
ulative investigations regarding the drivetrain loads during
grid faults with the WT research nacelle in doubly fed in-
duction generator (DFIG) configuration.
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6 Conclusion

A simulative approach for the investigation of WT drive-
train loads during a three phase short circuit converter fault
has been presented in this paper. The results of the HSS
bearing loads were shown exemplarily. The short circuit
converter fault was simulated via a three phase short circuit
between the generator and the converter. This configura-
tion has the same effect as a damage in the machine-side
phase module of the power converter resulting in a perma-
nent conducting state. It was shown that the fault results in
a highly dynamic reversing electromagnetic torque excita-
tion. During the fault the HSS torque in the WT model is
oscillating but not reversing. This is due to the steel disk
coupling between HSS and generator, the inertia of the rotor
and the driving torque. By analysis of the internal bearing
loads during the fault it was shown that the radial load of
the bearing is oscillating during the fault and increases by
a maximum of 15 per cent compared to the load in rated
power production. Simultaneously the rotational velocity of
the HSS oscillates with an amplitude of 10rpm. Therefore
an increase in the risk of smearing is expected. There is also
the possibility to calculate the kinematics of the HSS bear-
ings rollers with the detailed MBS model. The analysis of
the roller kinematics and the final analysis of the smearing
criterion for the HSS bearing during the three phase short
circuit converter fault will be part of future works.
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