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Abstract. This paper presents analysis of shaft voltage in
different configurations of a Doubly Fed Inducti@enerator
(DFIG) and an Induction Generator (IG) with a baokack
inverter in wind turbine applications. Detailed hifrequency
model of the proposed systems have been develogsstton
existing capacitive couplings in IG & DFIG struatsr and
common mode voltage sources. In this research vemkeral
arrangements of DFIG based wind energy conversystesis
are investigated on shaft voltage calculation asdniitigation
techniques. Placements of an LC line filter ineli#nt locations
and its effects on shaft voltage elimination aneditd 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 maypes

of wind turbines are presented in [2-3] which g@8: a
fixed speed wind turbine with an asynchronous sguir
cage |G directly connected to a grid via a trarmsfar (b)

a variable speed wind turbine with a DFIG and blade
pitch control (c) a variable speed wind turbinengsa
permanent magnet synchronous generator that is
connected to the grid through a full-scale freqyenc
converter. To achieve a variable speed constant
frequency system, an IG is considered attractiweetdlits
flexible rotor speed characteristics with respextthe
constant stator frequency. One solution to edpthe
speed range and reduce the slip power logse®
doubly excite the stator and rotor windings [4]. &
DFIG, the stator is directly connected to the guidhjle

the wound rotor is fed from a back-to-back conwevta

slip rings to allow the DIFG to operate at a varief
speeds in order to accommodate changing wind speeds
The slip power can flow in both directions to tlator
from the supply and from the supply to the rotod an
hence the speed of the machine can be controlted fr
either the rotor- or stator-side converter in b&dper and
sub-synchronous speed ranges [5].

The main issues regarding the operation of power
converters used in IG and DFIG structures are Hight
(fast switching transients) and common mode voltage
generated by a pulse width modulated voltage wharh
lead to a shaft voltage and resultant bearing otsre
grounding current escaping to earth through stray
capacitors inside a motor, conducted and radiatéses
[6-7]. Shaft voltage is influenced by various fastsuch

as: capacitive couplings between different partsthef

machine structure, the configuration of the maippdy
voltage transient on the machine terminals, andckivig
states in PWM pattern. Common mode voltage is & ver
important factor in the high frequency modelling a&f
generator and is seen as a potential origin of studthge

in high switching frequencies [7]. Its reduction
techniques [8] play a main role in attenuation afhh
frequency related problems of the AC motor drives.
Fig.1 shows the configuration of a three phaseriave
Vno the voltage between neutral point and the ground
(common mode voltage) is:

Violt) =0 Vb;(t) Vool -y (1)
Where (Mo Ve Vo) are the leg voltages. Using the
appropriate switching pattern, the common modeageit
level can be controlled [9]. Switching states o th
proposed converter and the common mode voltage are
shown in Table. I.
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Fig.1. A three phase converter
Table I. Switching states and common mode voltdgetbree
phase inverter

Switching vectors (§S, $) Veom
V1 (100),V5 (010), V5 (001) %
V; (110) ,V4 (011), Vb (101) %
v
V7 (111) %
V, (000) %

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

— Va+Vb+Vc

Vy +Vy +V,
Vcom,l - 3 1 =

com,2 3

)
Where V,,V,,V. & V,,Vy,V, are the leg voltages for

converterl and converter2 respectively. The caipacit
coupling between different parts of generator $tnecis
another issue in high frequency analysis [9]. The



common mode voltage and parasitic capacitancesecaca
high frequency equivalent circuit for Induction gesators

to generate shaft voltage. Recently, some techaique
presented to mitigate shaft voltage and bearingents

in DFIGs. An approach is used in [10] to constrtia
inverter PWM strategy to reduce the overall common
mode voltages across the rectifier/inverter systand
thus significantly reduce bearing discharge cuse#t
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 windhine
applications. Different LC filter placements willeb
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 thagiti
capacitive couplings exist between: the stator wigd
and rotor (G), the stator winding and stator framegC
between the rotor and stator frameg)(@nd ball bearing
and outer and inner racesy(CGCyy). Fig.3.b shows an
induction generator wind turbine structure in whiah
power converter is connected between the geneaatbr
the grid. In this case, the voltage stress is ftbenstator
winding. Common mode voltage creates the shafagelt
through electrostatic couplings between the rotamt the
stator windings and between the rotor and the frafne
simple high frequency model of a motor drive iswho
in Fig.3.c and shaft voltage can be calculated as:

Cor
— ISt xV 3
Cp+Cy +Cq " )

Fig.3.d shows a view of a stator slot, a rotor astling
where g is the air gap between rotor and statgrisghe
gap between winding and stator aggdigthe thickness of
the winding insulation. d is the length of slot tto@ndp
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 d@hd left
side of winding. Different capacitive couplings i
single stator slot can be approximately calculatgd

Vshaft =

eoC-d)xL,
C. = n
g=—n
91
c ~(805r(wl+2xhw)+Sosrler(W_d)ij 4)
sf = r
Jin 02811 +*Qin€r2
d_
Csrz:go—p
pP+d1+9>2

Where r is the rotor radius and ig the air gap, Lis the
rotor length g, is the permittivity of free spa@nde,y, ¢,

are thepermittivity of the insulation and the slot wedge
materials. By substituting of Eq.4 in EQ.3, theiaat
between shaft voltage and common mode voltage ean b
written as:

Vshatt 9:(d-p)
2mr '
Veom g, @+x)(d=p)+ 0+ g+ 0o)( " -0

Where x is the ratio between bearing capacitandeGan

As shown in this equation, the effective parameters
shaft voltage are ¢h, g and g. It is clear that gcan not
be changed for a large range of variation and @irba

an effective parameter in shaft voltage reduction.

d>p (5)
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Fig.3. (a) Structure of a stator fed induction gate with
different parasitic capacitive couplings (b) withh AC-DC-
AC converter and its (c) Its high frequency moal &

stator slot and different design parameters



Fig.4 shows the variation of ViV com VErsus variation
of d and g stator slot height op=5 mm. This graph
shows the effect of two main design parametershait.s

Ratio between shaft voltage and common mode woltage

Wsh /Wcom

g2 (mm) 40 sy 50
Fig.4. Vai/V com Versus d and,dp=5 mm, x=1)

According to simulation results in different parders:

e C,, is an important capacitance in case of shaft gelta
generation because it can be changed by variafitimeo
design parameters while other capacitances haveucht

a freedom to change.

e An increment of stator slot tooth increases theftsha
voltage while increasing the gap between the slotht
and winding decreasing the shaft voltage (see Fighis
information can be taken into account in the design
procedure of the motor structure and the motorghesi

can choose design parameters which are a trade off

between shaft voltage issue and other electromeézzian
considerations.

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

Fig.5 shows the structures of a DFIG where thegiica
capacitive couplings exist between: the stator wigd
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
(Cuw), 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 generatdthwdifferent
parasitic capacitive couplings

In this section, different topologies of a DFIG hvia
four-quadrant AC-DC-AC converter connected and
different placements of LC filters in both rotordastator
sides, and a line filter has been investigated (&g®).

In general, only the line side current is requitedbe
sinusoidal to satisfy IEEE standards [10]. The dgpi
values of (,=5nF, G=0.6nF, G=0.3nF, G=0.1nF are
employed for capacitive couplings in the following.
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Fig.6. different placements of L-C filters in winarbine
applications in a DFIG with a back to back converte
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Topologyl: As shown in Fig.6, the network side
converter is connected to the grid through a lidefilter
which is used to damp the higher order harmonics
generated by the switching of semiconductors sw#ch
This filter is used as a tool to provide reactivevpr in
order to enable power factor correction on the petw
within a desired range [11]. The LC filter whichnteects
the net-side converter to the grid reduces the baits
and the voltage waveform on the stator side hasanot
PWM waveform anymore. Therefore there is no common
mode voltage source in this configuration. An
arrangement of capacitive couplings of a DFIG véth

LC filter on the network side converter is showrFig.7.
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Fig.7. High frequency model a DFIG with Topologyl

In this case, the only common mode voltage sousce i
from the rotor winding and this voltage stress wmea
shaft voltage which can be easily calculated byGLK
analysis. Considerin@g, as a small value artt}, <<C,,:

er X (Csf + Csr + Cws) + Cws X Csr
Cur +Ci +Cp + Csr) x (Csf +Cyr + Cws) - Csr2
and (6)

Cor ¥ Cuys <<Cyyr X (Csf +Cyrt cws) and Csr2 =0

Vshaft™ ( *Veomr

Thus, shaft voltage can be simplified as follows:

er
xV, 7
wr +Crf +Cb + Csr) comR ( )

VcomriS the rotor side common mode voltage..

Vshatt = (C
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Fig.8. A typical rotor side common mode voltage afavm and
its resultant shaft voltage

The capacitive coupling between the rotor windimgl a
rotor frame has a significant value compared wittep
capacitances. Considering,&> G, + Ct++ C,, the major
part of the common mode voltage will be placed s&ro
the shaft. Fig.8 shows a simulation result wheeeuper
waveform is the common mode voltage from rotor side
and lower one is resultant shaft voltage. It i;ckbat 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 haimo
and no common mode voltage source. An arrangenient o
capacitive couplings in the proposed structurd@as in
Fig.9. The only common mode voltage source is from
the stator winding. By a KCL analysis for this
configuration, and by considering,,;& C,; very small
values in compare with other capacitances, thet shaf
voltage can be derived as:
V. = Csrx(cwr +Cwr t+ Cws)"'cwsx(:wr x
shaft 2
(er +Cy +Cy +Csr)x(cws +Cyyr +Cyt )_er
CSFXCWI' XV (8)
2 comS
er X(er +Crf +Cb + Csr)_cwr
- Cor*Cyr x
cwr2 + er x (crf + Cb + Csr)_ cwr2
Based on this calculation, shaft voltage is a®ail
Csr
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Fig.9. high frequency model of a DFIG with Topol@gy

Fig.10 shows a simulation result where the upper
waveform is the common mode voltage from statoe sid
and lower one is the resultant shaft voltage. Ia tlase,
30% of the stator side common mode voltage converts
shaft voltage.
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Fig.10. a typical stator side common mode voltautits
resultant shaft voltage

Topology3: Two LC filters in the both rotor and stator
sides are used to damp the higher order harmdnitisis
case, there is no any common mode voltage from both
sides. Hence, the possibility of the shaft voltage
generation has been reduced.
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Fig.11. high frequency model of a DFIG with Topof8g

Topology4: there is no LC filter in both converters sides.
Fig.12 shows the high frequency model of a doubly f
induction machine without filters. In this struatur
neutral to ground zero sequence voltage of bottorsta
and rotor winding act as common mode voltage ssurce
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Fig.12. high frequency model of a DFIG with Topoldg

The shaft voltage can be easily calculated by uKiGg
in the high frequency model of the doubly fed gatr
According to Fig.12, the shaft voltage is:
er % CSF xV\/.

Cur+Gt +Co +Cyr Cur+Ci +Gp+Cy o™ (10)

=Kr *Veomr +Ks*Veoms
Veomrand Veom sare the common mode voltages from the
rotor and stator windings, respectively. KR and &®
defined as capacitance factors which are effedtivetal
shaft voltage generation.

Vshaft= Veomr +



Cur Cor (11)
er + Crf +Cb + Csr er + Crf + Cb + Csr
Considering G>>C4++C,+C,, the shaft voltage is
determined by ¢; (Kr is almost near 1 andsKs a small

value).

Kr = andKg =

- 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

5 : : : ; -

Fig.13. common mode and resultant shaft voltages

Fig.13 shows the simulation results for total shaftage
and the share of each converter in shaft voltage
generation. A major portion of the rotor side connmo
mode voltage transformed to the shaft voltage ffis t
case, 83% of rotor side common mode voltage ang onl
5% of stator side common mode voltage). Based isn th
analysis, the stator common mode voltage does ag# h
significant effect on the shaft voltage generati@cause
the capacitive coupling between the stator windangl
shaft is too small in comparison with the capadé&an
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 DFIGjsit
important to consider the different LC filters Iticas to
eliminate common mode voltage from each converter
side. According to the above analysis, the commodan
voltage from rotor side plays an effective role siraft
voltage generation. In this paper, possibilitiesnitigate

the shaft voltage of a DFIG have been introduced.
Choosing one of these options depends on the dost o
filtering, changing the PWM pattern and increasing
switching frequency or employing additional cireuib
reduce the rotor side voltage. Different topologiese

been simulated in the previous part in case oftshaf
voltage generation. The effects of PWM techniquas a
filtering are investigated in each configuration.

The system configuration in Topology 1 can not reeno
the shaft voltage because the common mode voltage f
the rotor still exists. This voltage has a majopact on

the shaft voltage. In this case by removing statde
common mode voltage, a small part of shaft voltagle

be removed (in Fig.8, only 5.86% of shaft voltagasw
eliminated.). Removing zero switching vectors insth
case can reduce rotor side common mode voltagasnd
a result a reduced shaft voltage can be achievaed. A
mentioned in the previous section, removing therrot
side common mode voltage (Topology?2) by filterihg t
rotor side converter will remove major part of thieaft
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 filteg is
paid but there is still a considerable amount ddftsh
voltage. Furthermore, it is obvious that the comfadion

of Topology3, because of filtering in both sides]l w
remove both sides’ common mode voltages and will no
generate shaft voltage significantly.

In Topology4, to achieve a zero shaft voltage oleast
reducing shaft voltage to an appropriate valueh bot
common mode voltage sources should be considered
based on an accurate high frequency model of tstersy
Using Eqg.10 and Fig.12, it is clear that by chogdime
rotor common mode voltage as follow, zero shaftags

can be achieved.

C
Veomr =~ Csr

chomS (13)

wr

Table Il shows the resultant shaft voltage by défe
switching states generated by a back-to-back coewer
applied to the both rotor and stator sides. Nod, ttotor

side common mode voltage has been decreased

to Cor
C

xVeoms DY @ buck converter and shaft voltage is
Wr

calculated based on Eq.10 and Table 1.

Table II. Different switching states and shaft agk

Rotor side converter
Vectors Vectors Vector Vector
13,5 2,4,6 7 0
5 Vectors | ~KgVyc 0 KsVde _ZKSVdc
‘é 135 3 3 3
§ Vectors 0 KsVc 2K sVdc —KgVc
2,4

% 4,6 3 3 3
@ KV, 2KV,
% Ve;ZTOF SVdc SVdc KSVdc 0
s 3 3
() _ —
z | Vector | ~2KgVye KsVde 0 K eV

0 3 3

To eliminate the shaft voltage, we need to genesiaadt
voltage on the rotor side based on Eq.13. To niextet
requirements, it is needed to apply odd switchiagtars
(1, 3, and 5) to one converter and even switchigjors
(2, 4, and 6) to another converter. Also, switchiegtor
V, from one side and vector ;Vfrom other side is



conducted to a zero shaft voltage. Fig.14 showpiadl
common mode voltage from the rotor side, common
mode voltage from stator side and resultant shafage
based on the proposed switching pattern. In trée,ce
rotor side voltage is decreased based on the o&ti®),
and G, and the shaft voltage is forced to be zero.

Common mode voltage frome rotor side converter

a

o
o

L

—

titne
Fig.14. a typical common mode voltage and zerotsiudfage
From the analysis, it is obvious that the rotoresid
converter plays a key role in the shaft voltageegation
of a DFIG structure. The presented PWM patterntzan
used as an effective technique to reduce the sbhfige.
To achieve the conditions of Eq.13, a bidirectiobatk

converter has been used to decrease the rotor side

common mode voltage.

5. conclusions

Different configurations of IG and DFIGs are analysn
terms of shaft voltage generation. Filtering infehént
converters side, PWM techniques and a circuit tppl
have been presented in order to reduce the shitdigeo
According to analyses, filtering in the rotor oatstr side
can not help to fully mitigate shaft voltage, ansing
PWM techniques can not eliminate the shaft voltage.
zero shaft voltage can be achieved by filteringbath
sides converter because both sides’ common mode
voltage sources forced to be zero. The switchiregegy
presented in this paper is needed to apply odd:kini
vectors (1, 3, and 5) to one converter and evetching
vectors (2, 4, and 6) to another converter. Alsgtiching
vector 0 from one side and vector 7 from the otlide is
conducted to a zero shaft voltage.

Regardless of different PWM strategies in different
topologies, changing design parameters of a gearerat
help to reduce the shaft voltage (see Fig.4) atetinty
design procedures. This technique is very effective
shaft voltage reduction of a stator fed 1G. PWM
techniques have some limitations in that structige
mitigate the common mode voltage and resultantt shaf
voltage (only removing zero switching states caip he
reduce the shaft voltage). Therefore, one of thestmo
important issues in shaft voltage generation of the
induction generators is the mechanical structurghef
machine which is directly proportional to capaativ
couplings. Mathematical analysis and simulatiorultes
have been presented to verify the investigations.
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