European Association for the ‘l;»
Development of Renewable Energies,

Environment and Power Quality

International Conference on Renewable Energies and Power

Quality (ICREPQ’09)

Valencia (Spain), 15th to 17th April, 2009

Analysis, Calculation and Reduction of Shaft Voltage in Induction Generators

Jafar Adabi, Firuz Zare

School of Electrical Engineering, Queensland University of Technology, GPO Box 2434, Brisbane, QLD, 4001, Australia

Email: adabi.jafar @student.qut.edu.au , f.zare@qut.edu.au

Abstract. This paper presents analysis of shaft voltage in
different configurations of a Doubly Fed Induction Generator
(DFIG) and an Induction Generator (IG) with a back-to-back
inverter in wind turbine applications. Detailed high frequency
model of the proposed systems have been developed based on
existing capacitive couplings in IG & DFIG structures and
common mode voltage sources. In this research work, several
arrangements of DFIG based wind energy conversion systems
are investigated on shaft voltage calculation and its mitigation
techniques. Placements of an LC line filter in different locations
and its effects on shaft voltage elimination are studied with
mathematical analysis and simulations.
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1. Introduction

Recently, DFIGs have played a significant role in
converting wind energy to electricity [1]. The main types
of wind turbines are presented in [2-3] which are: (a) a
fixed speed wind turbine with an asynchronous squirrel
cage IG directly connected to a grid via a transformer (b)
a variable speed wind turbine with a DFIG and blade
pitch control (c) a variable speed wind turbine using a
permanent magnet synchronous generator that is
connected to the grid through a full-scale frequency
converter. To achieve a variable speed constant
frequency system, an IG is considered attractive due to its
flexible rotor speed characteristics with respect to the
constant stator frequency. One solution to expand the
speed range and reduce the slip power losses is to
doubly excite the stator and rotor windings [4]. In a
DFIG, the stator is directly connected to the grid, while
the wound rotor is fed from a back-to-back converter via
slip rings to allow the DIFG to operate at a variety of
speeds in order to accommodate changing wind speeds.
The slip power can flow in both directions to the rotor
from the supply and from the supply to the rotor and
hence the speed of the machine can be controlled from
either the rotor- or stator-side converter in both super and
sub-synchronous speed ranges [5].

The main issues regarding the operation of power
converters used in IG and DFIG structures are high dv/dt
(fast switching transients) and common mode voltage
generated by a pulse width modulated voltage which can
lead to a shaft voltage and resultant bearing currents,
grounding current escaping to earth through stray
capacitors inside a motor, conducted and radiated noises
[6-7]. Shaft voltage is influenced by various factors such
as: capacitive couplings between different parts of the
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machine structure, the configuration of the main supply,
voltage transient on the machine terminals, and switching
states in PWM pattern. Common mode voltage is a very
important factor in the high frequency modelling of a
generator and is seen as a potential origin of shaft voltage
in high switching frequencies [7]. Its reduction
techniques [8] play a main role in attenuation of high
frequency related problems of the AC motor drives.

Fig.1 shows the configuration of a three phase inverter.
Vno the voltage between neutral point and the ground
(common mode voltage) is:

Vpo(t) = o oo Hesl | 1)
Where (Mo Ve Vo) are the leg voltages. Using the
appropriate switching pattern, the common mode voltage
level can be controlled [9]. Switching states of the
proposed converter and the common mode voltage are
shown in Table. 1.

vdc Sl
2
ey Va
Vdc L
2 S,

Fig.1. A three phase converter
Table I. Switching states and common mode voltage of a three
phase inverter

Switching vectors (§S, $) Veom

V; (100),V5 (010), \s (001) %

V2 (110) ,V; (011), Vs (101) %
V7 (111) V—g“
V, (000) %

Fig.2 shows the arrangement of a back-to-back inverter.
In this structure, the common mode voltages of the both
sides are given as:

_Va+Vb+Vc

Vy+Vy+V,
Vcom,l——3 , -

= 2
com2 3 ( )

Where Vv,V V. & V,,V,,V, are the leg voltages for

converterl and converter2 respectively. The capacitive
coupling between different parts of generator structure is
another issue in high frequency analysis [9]. The
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common mode voltage and parasitic capacitances create a
high frequency equivalent circuit for Induction generators
to generate shaft voltage. Recently, some techniques are
presented to mitigate shaft voltage and bearing currents
in DFIGs. An approach is used in [10] to constrain the
inverter PWM strategy to reduce the overall common
mode voltages across the rectifier/inverter system, and
thus significantly reduce bearing discharge currents. A
common mode model of DFIGs is mentioned in [11] to
calculate bearing current.
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Fig.2. A back-to-back inverter

This paper focuses on the shaft voltage analysis
(topologies, high frequency model, calculation,

mitigation techniques) of IGs and DFIGs in wind turbine
applications. Different LC filter placements will be

analysed to eliminate the shaft voltage by means of
accurate high frequency model of the grid-connected
wind generators.

2. Shaft voltage generated by convertersin a
stator-fed induction gener ator

Fig.3.a shows the structures of an IG where the parasitic
capacitive couplings exist between: the stator winding
and rotor (G), the stator winding and stator framegC
between the rotor and stator frames;)Gand ball bearing
and outer and inner races CGCy,). Fig.3.b shows an
induction generator wind turbine structure in which a
power converter is connected between the generator and
the grid. In this case, the voltage stress is from the stator
winding. Common mode voltage creates the shaft voltage
through electrostatic couplings between the rotor and the
stator windings and between the rotor and the frame. A
simple high frequency model of a motor drive is shown
in Fig.3.c and shaft voltage can be calculated as:
C +Cci:sr+C 3

b rf sr
Fig.3.d shows a view of a stator slot, a rotor and winding
where g is the air gap between rotor and statgrisghe
gap between winding and stator angdig the thickness of
the winding insulation. d is the length of slot tooth and
is the height of the stator slot. W and &ve the width of
winding at the top and bottom respectivelyy, is the
length of the stator winding at both the right and the left
side of winding. Different capacitive couplings in a
single stator slot can be approximately calculated as:

Vshaft Vcom

so(ﬁ—d)xL

Crf = n

91
c ~(805,-(W’+2th)+Soerlsrz(w_d)JxL (4)

sf = r
9in 926 +9in€r2

d_

Csr :—.go—p
pP+g1+0>
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Where r is the rotor radius and ig the air gap, Lis the
rotor length g is the permittivity of free spa@nds,,, €.

are thepermittivity of the insulation and the slot wedge
maerials. By substituting of Eq.4 in Eq.3, the ratio
between shaft voltage and common mode voltage can be
written as:

Vshatt g.(d-p)

6 @+ (d-p)* 0+ 01 +6)(T ~0)

Where x is the ratio between bearing capacitanceCgnd

As shown in this equation, the effective parameters on
shaft voltage are ¢h, g and g. It is clear that gcan not

be changed for a large range of variation and can not be
an effective parameter in shaft voltage reduction.

,d>p  (5)

Vcom
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Fig.3. (a) Structure of a stator fed induction generator with
different parasitic capacitive couplings (b) with an AC-DC-
AC converter and its (c) Its high frequency model (d) a
stator slot and different design parameters

RE&PQJ, Vol. 1, No.7, April 2009



Fig.4 shows the variation of $VfVcom VErsus variation
of d and g stator slot height op=5 mm. This graph
shows the effect of two main design parameters on shatft.

Ratio between shaft voltage and common mode woltage

Wsh /Wcom

40 s 50

Fig.4. VeV com Versus d and,dp=5 mm, x=1)

According to simulation results in different parameters:

e C,; is an important capacitance in case of shaft voltage
generation because it can be changed by variation of the
design parameters while other capacitances have not such
a freedom to change.

e An increment of stator slot tooth increases the shaft
voltage while increasing the gap between the slot tooth
and winding decreasing the shaft voltage (see Fig.4). This
information can be taken into account in the design
procedure of the motor structure and the motor designer
can choose design parameters which are a trade off
between shaft voltage issue and other electromechanical
considerations.

3. Shaft voltage generated by convertersin a
doubly-fed induction generator

Fig.5 shows the structures of a DFIG where the parasitic
capacitive couplings exist between: the stator winding
and rotor (G), the stator winding and stator framegC
between the rotor and stator frameg)(Gtator winding
and rotor winding (Gs), the rotor winding and rotor
(Cur), rotor winding and stator frame ( and ball
bearing and outer and inner raceg;(Cyy).

Stator frame

Fig.5. A view of a doubly fed induction generator with different
parasitic capacitive couplings
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In this section, different topologies of a DFIG with a
four-quadrant AC-DC-AC converter connected and
different placements of LC filters in both rotor and stator
sides, and a line filter has been investigated (see Fig.6).
In general, only the line side current is required to be
sinusoidal to satisfy IEEE standards [10]. The typical
values of (,=5nF, G=0.6nF, G=0.3nF, G=0.1nF are
employed for capacitive couplings in the following.

Transformer

-——
| Lc
filter
| Grid
l — — —

L1 A =
LC |
filter

DFIG
C

N——"1

Topologies: Filters in use
| Topology 1: B

Topology 2: A, C
Topology 3: A, B
Topology 4: C

Rotorside  De-link network side

—Evomener ?, (‘omerler;j'
33

Fig.6. different placements of L-C filters in wind turbine
applications in a DFIG with a back to back converter

[——"
2
g

Topologyl: As shown in Fig.6, the network side
converter is connected to the grid through a line LC filter
which is used to damp the higher order harmonics
generated by the switching of semiconductors switches.
This filter is used as a tool to provide reactive power in
order to enable power factor correction on the network
within a desired range [11]. The LC filter which connects
the net-side converter to the grid reduces the harmonics
and the voltage waveform on the stator side has not a
PWM waveform anymore. Therefore there is no common
mode voltage source in this configuration. An
arrangement of capacitive couplings of a DFIG with an
LC filter on the network side converter is shown in Fig.7.

z
Z
Rotor
winding | [ Rotor Sl}iﬂ [ Stator
Y I | Dwinding
Cyr P - Cyr
Veom, ——Cy 'Z C ——Cq

—\éj— Stator frame
Fig.7. High frequency model a DFIG with Topologyl

In this case, the only common mode voltage source is
from the rotor winding and this voltage stress creates
shaft voltage which can be easily calculated by a KCL
analysis. Considerin@g, as a small value ar@|, <<C,,:

CWR(( CSf+ CSI’+ CWQ + CWS)< CSI'

Vshaft= 5 *VeonR
( Cwi* Cirt Cir CgX(Cyp* Cor+ Cuud ~Cy
and (6)
GX Ges< Gux( Grt Gt G andG?=0
Thus, shaft voltage can be simplified as follows:
S ™

\Y = xV
shaft (er + Crf + Cb + Csr) comg

VcomriS the rotor side common mode voltage..
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Comumon mode voltage from rotor side converter
T T T

shaft voltage

-100

Fig.8. A typical rotor side common mode voltage waveform and
its resultant shaft voltage

The capacitive coupling between the rotor winding and
rotor frame has a significant value compared with other
capacitances. Considering,&> G, + Ct++ C,, the major
part of the common mode voltage will be placed across
the shaft. Fig.8 shows a simulation result where the upper
waveform is the common mode voltage from rotor side
and lower one is resultant shaft voltage. It is clear that the
majority of the rotor side common mode voltage
transforms to shaft voltage.

Topopolgy2: A filter is placed in the rotor side converter
and the voltage from the rotor side has fewer harmonic
and no common mode voltage source. An arrangement of
capacitive couplings in the proposed structure is shown in
Fig.9. The only common mode voltage source is from
the stator winding. By a KCL analysis for this
configuration, and by considering,s& C,s very small

values in compare with other capacitances, the shaft
voltage can be derived as:

QFX(C\NF+CWf+CWS)+CWSXCWI' x
Gur+ Gi+ Go+ G)x(Gus * Cur *+ Ct )~ Cur”
= CorXCur x\V/
QNI’X(CWI’+ Crf+cb+csr)_cwr2 coms
_ CSTXCWI' X
} Qer + erx(crf + Cb+csr)_cwr2
Based on this calculation, shaft voltage is as follow:
Csr

VcomS

®)

Vshaft = (

Vcom,S

vV = xV 9
shaft Crf +Cb+csr comS ( )
%4

Rotor Rofor shaft Stator
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o—— | e
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Y_ Stator frame

Fig.9. high freauency model of a DFIG with Topology2

Fig.10 shows a simulation result where the upper
waveform is the common mode voltage from stator side
and lower one is the resultant shaft voltage. In this case,
30% of the stator side common mode voltage converts to
shaft voltage.
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comunon mode voltage from stator side converter
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shaft volatge

Fig.10. a typical stator side common mode voltage and its
resultant shaft voltage

Topology3: Two LC filters in the both rotor and stator
sides are used to damp the higher order harmonics. In this
case, there is no any common mode voltage from both
sides. Hence, the possibility of the shaft voltage
generation has been reduced.

e
Z4

Rotor Stator
winding | Rotor Sl}*{ft 11 A winding

d [ ] <))

Cur ] Cu
——Cw Cyr {74(31; Cy ——
™, Vshatt

—;/— Stator frame
Fig.11. high frequency model of a DFIG with Topology3

Topology4: there is no LC filter in both converters sides.
Fig.12 shows the high frequency model of a doubly fed
induction machine without filters. In this structure,
neutral to ground zero sequence voltage of both stator
and rotor winding act as common mode voltage sources.

0l
Rotor Stator
winding | [ Rotor sl/lift | A winding
v | | | A
Veom,R Cr

——Cur

G ::VM sg)

—\éj— Stator frame
Fig.12. high frequency model of a DFIG with Topology4

The shaft voltage can be easily calculated by using KCL
in the high frequency model of the doubly fed generator.
According to Fig.12, the shaft voltage is:
Cwr

Gur* G+ G+ Gy

=K RV congtK ¢Veons
Veomrand Veom sare the common mode voltages from the
rotor and stator windings, respectively. KR and KS are
defined as capacitance factors which are effective in total
shaft voltage generation.

Vshaft™

o
R G Gt GGy, (10)
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CWI’
_er+Crf+Cb+Csr C\Nr+Crf+Cb+Csr
Considering G>>C4++C,+C,, the shaft voltage is
determined by ¢; (Kr is almost near 1 andsKs a small
value).

KRr andKg = Cor (11)

- commen mode voliage frome stator side converter
...................... {Pa—— P T

M0 e e ST, It [T e
shaft voltage from rotor side converter

i i i 1 ]
shaft voltage from stator side converter
5F ' f ? i f
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Fig.13. common mode and resultant shaft voltages

Fig.13 shows the simulation results for total shaft voltage
and the share of each converter in shaft voltage
generation. A major portion of the rotor side common

mode voltage transformed to the shaft voltage (in this
case, 83% of rotor side common mode voltage and only
5% of stator side common mode voltage). Based on this
analysis, the stator common mode voltage does not have
significant effect on the shaft voltage generation because
the capacitive coupling between the stator winding and
shaft is too small in comparison with the capacitance

been simulated in the previous part in case of shaft
voltage generation. The effects of PWM techniques and
filtering are investigated in each configuration.

The system configuration in Topology 1 can not remove
the shaft voltage because the common mode voltage from
the rotor still exists. This voltage has a major impact on
the shaft voltage. In this case by removing stator side
common mode voltage, a small part of shaft voltage will
be removed (in Fig.8, only 5.86% of shaft voltage was
eliminated.). Removing zero switching vectors in this
case can reduce rotor side common mode voltage and as
a result a reduced shaft voltage can be achieved. As
mentioned in the previous section, removing the rotor
side common mode voltage (Topology?2) by filtering the
rotor side converter will remove major part of the shaft
voltage but there is a considerable amount of shaft
voltage from the stator sid®Removing zero switching
vectors from stator side converter can reduce the
common mode voltage and as a result a reduced shaft
voltage can be achieved.

In these two topologies (1&2), the price for filtering is
paid but there is still a considerable amount of shaft
voltage. Furthermore, it is obvious that the configuration
of Topology3, because of filtering in both sides, will
remove both sides’ common mode voltages and will not
generate shaft voltage significantly.

In Topology4, to achieve a zero shaft voltage or at least
reducing shaft voltage to an appropriate value, both
common mode voltage sources should be considered
based on an accurate high frequency model of the system.
Using Eqg.10 and Fig.12, it is clear that by choosing the
rotor common mode voltage as follow, zero shaft voltage
can be achieved.

CST

Veomg =~ xV coms (13)

wr
Table Il shows the resultant shaft voltage by different
switching states generated by a back-to-back converter
applied to the both rotor and stator sides. Note that, rotor
side common mode voltage has been decreased

to Cor
C

xV.oms Dy @ buck converter and shaft voltage is
Wr

calculated based on Eqg.10 and Table I.

Table Il. Different switching states and shaft voltage

between the rotor winding and shaft.

4. Discussion on different topologies and
shaft voltage reduction techniques of DFIG

In order to reduce the shaft voltage in a DFIG, it is
important to consider the different LC filters locations to
eliminate common mode voltage from each converter
side. According to the above analysis, the common mode

Rotor side converter
Vectors Vectors Vector Vector
13,5 2,4,6 7 0
5 Vectors | —K Ve 0 K Ve 2K SVdc
E 1,35 3 3 3
§ Vectors 0 K Ve 2K NMdc —K Ve
2,4

% 4,6 3 3 3
@ K gV, 2K oV,
% Vector SVdc SVdc K Ve 0
e 7 3 3
() _ —
z | Vector | 2K Ve K Ve 0 K Ve

0 3 3

voltage from rotor side plays an effective role on shaft
voltage generation. In this paper, possibilities to mitigate
the shaft voltage of a DFIG have been introduced.
Choosing one of these options depends on the cost of
filtering, changing the PWM pattern and increasing
switching frequency or employing additional circuits to
reduce the rotor side voltage. Different topologies have
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To eliminate the shaft voltage, we need to generate shaft
voltage on the rotor side based on Eq.13. To meet these
requirements, it is needed to apply odd switching vectors

(1, 3, and 5) to one converter and even switching vectors
(2, 4, and 6) to another converter. Also, switching vector

V, from one side and vector ;Vfrom other side is

RE&PQJ, Vol. 1, No.7, April 2009



conducted to a zero shaft voltage. Fig.14 shows a typical
common mode voltage from the rotor side, common
mode voltage from stator side and resultant shaft voltage
based on the proposed switching pattern. In this case, the
rotor side voltage is decreased based on the ratiq,of C
and G, and the shaft voltage is forced to be zero.

Common mode voltage frome rotor side converter

a

o
o

L

—

titme

Fig.14. a typical common mode voltage and zero shaft voltage
From the analysis, it is obvious that the rotor side
converter plays a key role in the shaft voltage generation
of a DFIG structure. The presented PWM pattern can be
used as an effective technique to reduce the shaft voltage.
To achieve the conditions of Eq.13, a bidirectional buck
converter has been used to decrease the rotor side
common mode voltage.

5. conclusions

Different configurations of IG and DFIGs are analysed in
terms of shaft voltage generation. Filtering in different
converters side, PWM techniques and a circuit topology
have been presented in order to reduce the shaft voltage.
According to analyses, filtering in the rotor or stator side
can not help to fully mitigate shaft voltage, and using
PWM techniques can not eliminate the shaft voltage. A
zero shaft voltage can be achieved by filtering at both
sides converter because both sides’ common mode
voltage sources forced to be zero. The switching strategy
presented in this paper is needed to apply odd switching
vectors (1, 3, and 5) to one converter and even switching
vectors (2, 4, and 6) to another converter. Also, switching
vector 0 from one side and vector 7 from the other side is
conducted to a zero shaft voltage.

Regardless of different PWM strategies in different
topologies, changing design parameters of a generators
help to reduce the shaft voltage (see Fig.4) at the early
design procedures. This technique is very effective in
shaft voltage reduction of a stator fed 1G. PWM
techniques have some limitations in that structure to
mitigate the common mode voltage and resultant shaft
voltage (only removing zero switching states can help to
reduce the shaft voltage). Therefore, one of the most
important issues in shaft voltage generation of the
induction generators is the mechanical structure of the
machine which is directly proportional to capacitive
couplings. Mathematical analysis and simulation results
have been presented to verify the investigations.
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