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Abstract. Fast switching transients and common mode
voltage generated by pulse width modulated voltegdigh
frequency applications may cause many unwanted lgreb
such as shaft voltage and resultant bearing cairdte main
objective of this research work is to analyse shaittage
generation in a doubly-fed induction generator BFith a
back to back converter. A detailed high frequenogdet of the
proposed system has been developed based on oapacit
couplings between different objects of the machifiée
proposed model can be used for shaft voltage elons and
finding parameters which have key effect on shaftage and
resultant bearing currents. A discussion about ghesented
technique for shaft voltage elimination in existilitgrature is
also presented based on mathematical analysisanthgons.
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1. Introduction

Fig.1 shows a DFIG with a four-quadrant AC-DC-AC
converter connected to the rotor windings whichbéam
decoupled control of active and reactive power [1].
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Fig.1. a DFIG with a four-quadrant AC-Dc-AC conwaart
connected to the rotor windings
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Power inverters are widely used in wind energyeyst
to convert AC output voltage of generators withiatale
frequency to an adjustable AC voltage for grid
connection. On the contrary, there are many p&asit
capacitive couplings between different parts otctie
machine structure which may be neglected in low
frequency analysis but the conditions are completel

different in high frequencies. In fast switching
converters, a low impedance path is created for the
current to flow through these capacitors [2-4]. Doe
rapid developments of IGBT technology, switching
frequency has dramatically increased. High dv/dst(f
switching transients) and common mode voltage
generated by a power inverter in high frequency
applications can cause unwanted problems suchha#t: s
voltage and resultant bearing currents, groundurgeat
escaping to earth through stray capacitors insioer,
conducted and radiated noises [5-7]. Common mode
voltage is known as a potential origin of shafttage.
Fig.2 shows a three phase inverter and typical foawes

of three leg voltages and the common mode voltage.
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Fig.2. (a) three phase converter (b) common mottag®
generation



According to Fig.2.a, three leg voltages of thewester 2. High frequency model of DFIG and shaft
can be calculated as follow: voltage calculation
Vao(t) = Van () + Vo (1)
o " Fig.3 shows the capacitive couplings in a DFIG and
Vbo (t) - Vbn (t) +Vno (t) (1) . . . L.
B view of proposed machine structure. Following piéias
Veo() = Ven (D) +Vo() capacitive couplings are existed in the proposedhma

Where (Mo Vio Veo ) and (M Vi, Ver) are the leg structure between:

voltages and phase voltages of a three phase itenve * Stator winding and rotor: £
respectively. V, is the voltage between neutral pointand  ° Stator W!nd!ng and stator framegfc
the ground (common mode voltage). By adding twesid * Stator winding and rotor winding:&
of Eq.1: e Stator frame and rotor:,C

¢ Rotor winding and rotor: &

Vao(t) +Vbo(t) + Vco(t) = Van(t) + Vbn(t) + Vcn(t) + 3ano(t) (2) « Rotor Wlndlng and Stator frame;NC

It is obvious that the sum of three phase voltagesjual < Ball bearing, inner and outer races;,Cp,

to zero (Vn(t) + Vi, (t) + Ve, (t) =0). Therefore, common As shown in the DFIG structure, a capacitive caupli

mode voltage can be calculated as: between the rotor winding and stator winding has a
Vg (1) + Vi (1) + Vo (1) variable value because facing areas of two stator a

Vio(t) =22 bg €= =Veom 3) rotor slots are always changing due to rotor moveme

This equation shows that the common mode voltage is
defined by switching pattern. By using appropriate
switching pattern, the common mode voltage levallwa
controlled. Switching states of proposed convesied
output voltages and resultant common mode voltage a
shown in table. I.

TABLE I. switching states, output leg voltage and
common mode voltage of three phase inverter

vector S Ss SS Vao Vbo Vco Vcom
Voo | _Mac | _Vac | _Nae
Vi, 1100 5 5 5 6
Vae | NVao | _Vee | Vac
V, 110 B > B 6
Ve | Ve | Ve Vae
V3 oO(1| 0 2 2 2 5
_Vae | Moo | Nae Vee
Va 0p 11 2 2 2 6
Stator frame
Ve | _Nee | Moo | _Va
Vs 0p o1 2 2 2 6 @
Ve _ Ve Ve Ve Stat
Ve 1pop1 2 2 2 6 —  Stor ‘\fr:n(:: _
Ve Ve Ve Ve Cn . -t
Ve |11 S 2 2 2 L ., 1
\ Vg Vyd Vg o] - e f}Cb
_Mde | _Vde | _Mdo | _ Vdc
Vo 01010 2 2 2 2 O ,
Rotor Shaft
Rotor
Recently, some techniques are presented to mitidetks o yinding ) N o)
voltage and bearing currents in DFIGs. An approach C.
presented in [8] is to constrain the inverter PWhategy
to reduce overall common mode voltages across the
rectifier/inverter system, and thus significantlgduce (b)
bearing discharge currents. A general common mode Fig.3. (a) Capacitance coupling in a doubly fed tiun
model of DFIGs is mentioned in [9] to calculate fieg machine and (b) a view of DFIG with different caitize
current. couplings

In this paper, mathematical analysis and simulatitewve
been carried out to find the effective parameterste
shaft voltage of grid-connected induction genesator
This paper also presents analysis with an accurigte
frequency model of the grid-connected wind genesato
and voltage sources in high frequencies with sitrara
results and discussions. V

Fig.4 shows the arrangement of a DFIG with a back t
back inverter. In this structure, neutral to groureto
sequence voltage of both stator and rotor winda@isas
common mode voltage sources. The common mode
voltage of rotor side and stator side are given as:

Vao+ Vpo +V,
coms = —2 —go = (4)



Vyo +Vyo tVyo
Vcom,R = + (5)

Where Va0, Vo, Voo & Vo, Vo, Vo are the leg voltages of

yo’

the converters connected to the stator and rotor,
respectively.
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Fig.4. a DFIG with a back to back inverter
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A high frequency model of the proposed doubly fed
induction machine is shown in Fig.5.
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Fig.5. A high frequency model of a doubly fed intioi
generator

Shaft voltage can be easily calculated by using K€L
the high frequency model of the doubly fed inductio
generator. According to Fig.5:

(Vshaft_vcon,ﬂ)xQNr"'Vshaff((Crf +Co)+(vshafvcons)xgr:0 (6)
So, shaft voltage is:

Vshaft - Vcocr?,R ):-(c::wr :\c/:COT_SCX Csr (7)
wr rf b sr
G Cor
V= W x4 ST x\ 8
Gy +Gr G, G v, 16y, Ve ©)
Vshafl =K R X Vcom,R +K S X Vcom,S (9)

Veomrand Viom sare the common mode voltage generated
by the converters connected to the rotor and thtorst
windings, respectively. K and Ks are defined as
capacitance factors which are effective in totahfsh
voltage calculation.

K = er
R

er + Crf + Cb + Csr (10)
K S Csr

 Cy +Cy +C, +C,

By consideringc,, >>C, +C, +C,,, the shaft voltage is

determined by ¢; (Kg is almost near 1 andsds a very
small value). Fig.6.a shows the simulation resaits
total shaft voltage. Following values are considefer
capacitive couplings: =5nF, G=0.6nF, G=0.3nF,
Cy=0.1nF.
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Fig.6. (a) a typical common mode voltage wavefoamd
resultant shaft voltage (b) shaft voltage generbtedach rotor
and stator side converters

Fig.6.b shows the share of each converter in sivdtfige
generation. Major portion of the rotor side comnmeode
voltage is transformed to shaft voltage (in ttases 83%

of the rotor side common mode voltage and only 5% o
the stator side common mode voltage). Based on this
analysis, the stator common mode voltage has etya
effect on shaft voltage because the capacitive loaup
between the stator winding and shaft is too small
compare with capacitive coupling between the rotor
winding and shaft.



3. Discussion

Analysis of shaft voltage reduction in a DFIG watlback
to back inverter was presented in [9] with a pwisdth
modulation technique to fully remove the shaft agh
based on an equivalent circuit presented in Fig.7.

4 < 2 L < o
Stator T Rotor
v, Vi A
) Wy Vi 0 V, N r
AvAv Vc Vz
TS 4 1 < T 7j <} T
+ £ g =

Fig.7. equivalent system of a DFIG system [9]

This arrangement identifies key voltage quantities
purposes of analysis. The capacitanggr€presents the
capacitance of the stator windings with respecthi®
stator frame which is assumed to be grounded apd C
represents the capacitance between the rotor vgadin
with respect to the stator frame. It can be obskthat
even though the circuit is grounded, if the voltage
potentials of points s and r fluctuate in identitaghion
then the current flow in the loop containing thewgrd
point g is identically zero so that the ground entrcan

be effectively eliminated if this condition can t@ached
[9]. Analysis of this circuit shows that the voleag
between the two neutral points is:

V. = er +Vyr +Vys _ Vas+VbS +VCS
rs T 3 3

(11)

The main concern is that this technique does not
eliminate the shaft voltage and still we have the
significant amount of voltage across the shaft Whic
affected by two sides’ voltage sources (neutrahisoof
stator and rotor winding to the ground). In otheras,

the voltage that is forced to be zero in proposapep
([9]) is not related to the shaft voltage. Thistagke is
just the voltage between neutral points of statimding

and rotor winding. Regardless of switching losse th
PWM technique in this paper can not help to miggat
shaft voltage and resultant bearing current. lmsethat
the capacitive coupling between rotor winding aatbr
(Cw) which has a significant effect was not taken into
account in the analysis.

To achieve a zero shaft voltage or at least redusivaft
voltage to an appropriate value, both common mode
voltage sources should be considered based on an
accurate high frequency model of the system. Based
the EQ.8 and Fig.5, it is clear that by choosingreper
rotor common mode voltage (Eq.12), a zero shatagel

will be achieved.

CST

wr

Veomr = %*Veoms (12)

Table Il shows the resultant shaft voltage by ediht
switching states of both rotor and stator sidesredsrs.
Note that, rotor side common mode voltage has been

decreased te():ixvCoran by a buck converter and shaft
CWI’
voltage is calculated based on Eg.8 and Table I.

TABLE lIl. Different switching states and shaft vaife

This voltage is called common mode voltage in a@®@FI Rotor side converter
The presented technique in [9] suggested equaliafng Vectors Vectors Vector Vector
the common mode voltage from rotor and stator &ide 1,35 24,8 ! 0
remove the common mode voltage and as a result thel g | Vectors ~KsVge 0 KsVde ~2K Ve
shaft voltage can be considered as zero. 3 135 3 3 3
Table Il shows the different switching states dfaak to S | Vectors 0 KsVae | 2KsVae | ~KgVge
back converter considering switching vectors ofheac | g | 246 3 3 3
converter and resultant common mode voltage. 2 | vector | KgVge 2K gV KeVy 0
5] 7 c
TABLE Il. Different switching states and resultaoinomon % —2K3V _KSV
mode voltage [9] Z | Vector S7de S Zde 0 -KgVge
Rotor side converter 0 3 3
Vectors | Vectors| Vector | Vector
1,3,5 2,4,6 7 0 To eliminate the shaft voltage completely, the dtowl
5 | Vectors 0 Vi 2Vge 0 of Eq.12 shoul_d _be applied in the analysis._To _rﬂMe
5 1,35 3 3 requirements, it is needed to apply odd switchiagters
g Vectors| —Vge o Vae | ~2Vge (1, 3, and 5) to one converter and even switchexors
S| 246 | 3 3 3 (2, 4, and 6) to another converter. Also, switchWg
S MVeat v my) from one side and ¥from other side is conducted to
g e;: or 3d° % 0 Ve generate zero shaft voltage. As it can be seen frisn
= table, the results in table Il is completely diffat to
o | Vector | Ve Ve Ve 0 table Il. Fig.8 shows a typical common mode voltage
0 3 3 from rotor side, common mode voltage from statdesi

According to this table, if the switching statesmdichine
side converter and line side converter are both bdth
even or the same zero states from both side carsert
the common mode voltage can be forced to zerdhign t
case, switching vectors (1, 3, 5) or (2, 4, 6)wed with
and without using zero states.

and resultant shaft voltage based on proposed lingtc
pattern. In this case, rotor side voltage is desrddased
on the ratio of ¢; and G; and the shaft voltage is forced
to be zero. From the analysis, it is obvious tlo#trside
converter is playing key role in shaft voltage getien
of a DFIG structure.



Common mode voltage frome rotor side converter
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Fig.8. a typical common mode voltage waveforms zsmd
shaft voltage

The presented PWM pattern can be used as an efecti
technique to reduce the shaft voltage. One of thaes
regarding to this technique is that, a bidirectiomack
converter should be employed to reduce the dc-link

C. .
ST to create a rotor side

voltage (\.,) by the ratio of

Wr

C .
common mode voltage equaltgixvcoms(see Fig.9).
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Fig.9. a new back-to-back inverters topology with a
bidirectional buck converter and a DFIG
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In this configuration, the limitation of the dutyae of

the buck converter should be considered. These
conditions may affect the dynamic performance @& th
DFIG. Therefore, cancellation of the shaft voltdgesed

on this topology should be mentioned in terms of
practical barriers and dynamic analysis of the espst
which is beyond the scope of this paper.

4. Conclusions

In this paper, an accurate high frequency model of
DFIG has been presented to analyse mitigation
techniques of the shaft voltage. Proposed modehsed

on the capacitive couplings between different pafts
the generator structure and the common mode voltage
source. Mathematical equations which define thdtsha
voltage based on capacitive couplings between aoidr
stator frames and their windings have been predente
According to the analysis, the most important céjvac
coupling in a doubly fed induction generator is the
capacitive coupling between the rotor winding ahd t
rotor frame. A PWM technique has been presented in
literature to remove the overall common mode vatag

a DFIG but the above mentioned analysis showsthiat
technique can not help to eliminate the shaft gelta
Mathematical analysis and simulation results hasenb
presented to verify the investigations.
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