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Abstract— Modern wind turbine systems based on doubly-fed
induction generator (DFIG) technology offer negatie sequence

control capability during grid faults or unsymmetrical system
operation. This paper deals especially with the edtts of current
and voltage limitation of a typically rated converer system design
based on positive sequence control requirements. Aitst a short
summary of the most common alternative negative segnce
control objectives is given. Then the correspondingotor side
converter (RSC) control algorithms are described. Tis is
followed by typical characteristics of current capailities as well
as voltage constraints. Finally detailed calculatios regarding
control possibilities and limitations in the positve and negative
sequence are shown.

Index Terms—wind turbine, doubly-fed induction generator,
DFIG, negative sequence control

Il. INTRODUCTION

N the past symmetrical faults have been the fodugrid
integration studies with high levels of wind energy
generation. Therefore requirements such as thosn gn
[1] and capabilities of modern wind turbines in thesitive
sequence have been broadly analyzed and discugkel@][
But the most common faults in the power system afre
unsymmetrical type where also the negative sequence
component in the wind turbine voltage must be heshd|
Previous wind turbine systems used standard vectatrol
with no separation of positive and negative segeeraiues.
However, the interaction between positive and riegat
sequence components can lead to undesirable spsteavior
or the activation of protection circuits to preveénstability.
Modern wind turbine systems have overcome this Iprolby
the decoupled control of positive and negative eage
variables as well as DC-link stabilization usingaking
chopper. The most common alternative methods fgatine
sequence control of DFIGs are described in detaj]. For

a) No negative sequence compensation

b) Compensation of stator current imbalance
¢) Compensation of unbalance in rotor current
d) Compensation of the oscillatory torque

e) Compensation of GSC current imbalance
f) Pulsating voltage suppression in the intermediate

In the following paragraphs the limitations of thesterna-
tives, depending on the type of fault and operagtioigt of the
DFIG system, will be derived in detail. Cross congleffects
between the positive sequence control objectivas)fe) and

I. NOMENCLATURE

v,V i Stator positive /negative sequence voltage /current
v..v_.i.i_Rotor positive/negative sequence voltage/ current

. _ the RSC, these are:
1/151,1/152 Stator positive /negative sequence flux
l//m’l//Rz Rotor positive /negative sequence flux
v, Direct current (DC) link voltage
0 Stator, rotor and main field inductance and for the GSC:
r.r, Stator /rotor resistance
fesolcsc  Converter choke resistance /inductance DC circuit
,w, Stator /rotor space phasor rotational speed
s Rotor slip
t, Electrical torque
Ox Superscript; x: rotational speed of the reference frameVoltage support will also be discussed.
dq Subscript ; direct/quadrature axis component
1,2 Subscript ; positive/negative sequence compione

S. Engelhardt (e-mail: stephan.engelhardt@woodward.gomand  J.
Kretschmann (e-mail: joerg.kretschmann@woodward.cpmare  with
Woodward Kempen GmbH, 47906 Kempen, Germany, Inmaom (e-mail:

I1l. BASIC EQUATIONS AND RSCCONTROL SCHEMES

A. Basic DFIG Equations

Positive and negative sequence components ofdhar stnd
rotor currents obviously are of interest for alteahative
control approaches. The basic DFIG model is gindrig. 1.
A zero sequence current does not appear at ther stathe
grid side converter (GSC) terminals of the DFIGtesysdue to
Dy connection of the transformer linking the maehio the
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R S .
ith the leak fficient defined as: " The negative sequence rotor current reference dspen
wi € eazage coetlicient defined as. the objective the controller has to fulfill. This described in
o=1- | (5) detail in [4] and can be summarized as follows:
s Mg a) DFG without negative sequence compensation
is rs Vs =0 (7)
* =T b) Compensation of stator current imbalance
I — | ) p VD_mS
iparer = =2 8
a,
Vs ¢) Compensation of unbalance in rotor current
inorer =0 )
d) Compensation of the oscillatory torque
- Do,
Fig. 1 DFIG single line O _| s Tg 01 0
. . i . _gz,ref - [_I_Sg_lws *] | \_/22 (10)
The oscillatory torque due to the interaction ket positive m Vo Wl

anq negative.sequ.ence components can then be aaput For clarity the controller implementations for tmetor
using the relationship: voltage and current limitations explained in thdldfming

(t) :iRe{\_/Qiji';Seﬂws‘ ‘(lfé_;s_iméﬂfézwst) } sections are not included in Fig. 2 and 3. Also inctuded
o

t (6)

here are the GSC controllers for both sequence= dimey
have a similar structure as the RSC controllershasvn in [4].

el

B. Controller Design

Fig. 2 shows the positive sequence rotor currentrotier
of the RSC. The controllers are derived from tleady state
equations (1) and (2) of the DFIG where all derixed are set
to zero and neglecting the stator and rotor resigtaNote
that in the block diagram complex parameters aed Usr
simplicity although the two controllers, one eadhr fl, q
components, are used. The rotor current set vahres
calculated from active and reactive power refereradaes as
explained in detail in [2].

¢Rl = arg(\,/:f) - O_R

IV. DFIG VOLTAGE AND CURRENTLIMITATIONS

In this chapter quantities not underlined represtm
magnitude of the corresponding complex variables.

A. Voltage Limitations

To avoid high level of harmonics the converter asmally
operated in the linear modulation range as expthine[5].
With this precondition the amplitude of the RSC tagk
vector can be calculated by:

VR = VRl + VRZ (11)

0o
Vo1

In case the maximum voltage limit is violated, ocen
It 1 i obviously reduce either the positive or the negatequence
KRv'l(l)'sTRu] SEe rotor voltage. In most cases the positive sequé&neecorded
. i ' . . priority for a DFIG system, the negative sequenakage can
AR : o S i Yeu then be limited in accordance with:
R Jsotlgin,® | Im e
VRZ.max = VR,max_ VR (12)
it 1 If negative sequence priority is chosen we have the
KR,.1[1+ Ru] relationship:
Fig. 2 Positive sequence rotor current controller VRl,max = VR,max_ VR: (13)

It should be noted that these relationships arel vaider
the assumption that the voltage component with hHigher
priority is also limited to a maximum voltagém.x The
positive sequence voltage is proportional to tige Jlherefore

The negative sequence current control structusiasvn in
Fig. 3. Itis derived in the same way as the pasisequence
control but in the negative sequence rotating ezfee frame.



the maximum voltage that is available depends ensiheed

level as shown in Fig. 4.
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Vrmax Max. RSC voltage RIV
- = = Vramalesidual RSC voltage for negative sequence control
Fig. 4 Maximum rotor voltage for negative sequeenontrol with positive
sequence priority

The characteristic behavior of the DFIG is such tiear the
upper and lower speed ranges only a small rotoatheg
sequence voltage is available for control. In thted speed
range of the machine, approximately 40-50 % of R&&C-
voltage can be used for negative sequence control.

B. Current Capabilities and Limitations

The negative sequence stator voltage has veryreliffe
effects on GSC and RSC instantaneous currents. &dbdor
the GSC and the stator of the DFIG the amplitudekeothree
line currents differ in relation to the level ofetasymmetry,
the RSC currents are always symmetrical due todtaion of
the rotor. This is shown in the generic waveformg=ig. 5
which do not relate to a specific FRT operatingnpdiut
should give a general understanding of the diffesbapes.
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Fig. 5 Typical current waveforms with 1 pu pasg.sand 0.5 pu neg. seq.
left: stator or GSC current waveform, right: RS@reant waveforms
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For a simplified analysis the losses should berasduhere
as proportional to the integral of the square & turrents.
Then for this example the average losses of the @Sdting
from the additional negative sequence current asmeto
175% in the two phases and decrease to 25% irhitte For
the RSC the average losses increase equally to 1584
three phases. These results must be considereshimgl with
the overload capability of the system. This consedjy leads
to the following general control strategy for theFIG:
Negative sequence current should preferably beveteld by

3

characteristic as shown in Fig. 6. The maximum |xsiole

overload current in practical applications is liedtby various

factors. The most important of them are maximum TGB

module rating or linearity range of the GSC choke.
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Fig. 6 Typical maximum overload current over tiwi¢h 1’t-protection
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As indicated above positive sequence priority iswgmnly
used, and limiting negative sequence current cbobjectives
due to the RSC voltage limitations is explainectlapterC.
With this and consideration of the loss distribotiothe
positive sequence current capability of the RSC &en
calculated to:

NS (14)

For the GSC, the unsymmetrical loss distribution ba taken
into account with:

lesct, max—
ma{

An equivalent method can also be used for the statoent
limitation, if necessary.

Rimax

IGSC,max

= ]‘
- iGSC, zdt
Ty

=1..3

N (15)

V. NEGATIVE SEQUENCECHARACTERISTICS

In this section typical DFIG characteristics foreth
alternative negative sequence control methods ptegebove
are shown with emphasis on the limitations desdrilmethe
previous chapter. The parameters used are givenhen
appendix. As can be seen in (1) - (4) the rototagd and
current limitations explained in chapter IV, espdyi depend
on the positive and negative sequence stator wkagvell as
the rotor speed. In order to present a realistitupe, it was
assumed that the sum of the positive and negatgeesce
voltages is 1.0 p.u. Due to the presence of thel wimbine
transformer, the negative sequence voltage at théors
terminals is maximum 0.4 pu even for the worst cgsd
faults. Therefore only this range is considereagh@iccording
to (3) the minimum negative sequence current isagdw
inductive when the rotor voltage is limited heneading to
reduce the negative sequence stator voltage coohpgare
given negative sequence grid voltage consideringainctive
grid [4]. As explained in the prior section it iseferable to
operate the GSC with symmetrical currents, andefbeg in

the RSC and the GSC should be operated with syrwaktr hractical applications this is more common tharpsesgsion of

currents during overload conditions.
The simplified loss model is also often used tolangent

overload protection algorithms?(Iprotection) resulting in a

the pulsating voltage in the intermediate DC citowhich will
not be considered further here.



A. DFIG without negative sequence compensation

In this mode the speed dependency on the negat

sequence variables is negligible. Table | shows ribgative
sequence currents and oscillatory air gap torga¢ tbsult
from this strategy. Even at low asymmetry levelasiderable
negative sequence current can be observed. Degeadithe
value of the leakage reactance, this current caady exceed
the rated value when the stator negative sequenttage

assumes a value of about 20 - 25 % of the nominbhge.

Obviously a DFIG design with higher leakage reao¢awould

be favorable in this regard. Taking into accountypical

overload capability as shown in Fig. 6 the positegjuence
current has to be reduced depending on the duratiahe

fault. Torque and voltage support capabilitieslanied.

TABLE |
CURRENTS ANDTORQUE ATDIFFERENTLEVEL OF VOLTAGE UNBALANCE
|¥sz| |i_sz| |i_R2| fel,max K fel,max ?
pu pu pu pu pu
0.05 0.20 0.20 0.19 0.22
0.10 0.41 0.39 0.37 0.43
0.20 0.81 0.79 0.65 0.78
0.30 1.22 1.18 0.85 1.05
0.40 1.62 1.57 0.97 1.25

1) No positive sequence load
2) Nominal positive sequence current

1) and 2) vg, + v, =1.0 pu
B. Compensation of stator current imbalance
As shown in Fig. 7 to 9 this control can signifidgrmeduce

the thermal and mechanical stress on the systemefgative
sequence voltage of up to 0.05-0.1 pu over a bisebd

range.
14 T T T T ; vs2= 0.40 pu
13 ’ ’ : : : ~ Ve = 0.60 pu
L
Vvs2= 0.30 pu
ic p— Ver = 0.70 pu
3 0¢ Vs2= 0.20 pu
B0€ 4 Vs1 = 0.80 pu
Vs2= 0.10 pu
04 — Vs1=0.90 pu
0.2 Vss= 0.05 pu
. = vs1 =0.95pu
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Fig. 7 Maximum value of the negative sequence®statrrent as a function of

negative sequence voltage and rotor speed witbrstatrent asymmetry
compensation (at rated current in the positive eege and pos. seq. priority)
14 Vs2= 0.40 pu
12 - Vs1 = 0.60 pu
vs2= 0.30 pu
1.c Vs1 = 0.70 pu
%0-5 Vs2= 0.20 pu
E0E vs1 = 0.80 pu
04 vs2= 0.10 pu
= vg; = 0.90 pu
0.z
| ; — e Vsz= 0.05pu
%6708 oc 10 11 1z 13  Ve=09%5pu
wRr/pU

Fig. 8 Amplitude of the negative sequence rotarant with stator current
asymmetry compensation in dependence of the negsgiguence voltage and
rotor speed (at rated current in the positive segei@nd pos. seq. priority)
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i V2= 0.30 pu
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Fig. 9 Amplitude of the oscillatory air gap torqwéh stator current asym-
metry compensation in dependence on the negatineesee voltage and rotor
speed (at rated current in the positive sequendgas. seq. priority)

During grid faults the negative sequence curredticdon
compared to the results with uncontrolled mode vadldor
higher positive sequence currents. This is berafifr the
voltage support or torque control capabilities.

C. Compensation of the oscillatory torque

First the results with positive sequence prioritye a
presented in Fig. 10 and Fig. 11. The oscillatorgtie can be
eliminated up to 0.05-0.1 pu negative sequenceageltin a
wide speed range which can reduce mechanical divegse
drive train especially under steady voltage imbedsn The
negative sequence current is then reduced to the &f the
negative sequence voltage but slightly reduces tipesi
sequence capabilities according to chapter
compensation capabilities during grid faults ameitkd in the
same way as with stator current imbalance reduchah
nevertheless significant compared to the uncomrtlathode.

14 Vs2= 0.40 pu
1.z 7 vs1=0.60 pu
1.C Hi— Vs2= 0.30 pu
Vs1 = 0.70 pu

80t =020
= Vsz= 0.20 pu
=0 = Vs1 = 0.80 pu
0.4 Vs2= 0.10 pu
5 = vs; = 0.90 pu

0.z
0 T : Vs2= 0.05 pu
67 0.8 0.¢ 1.0 11 12 13 Vs1=0.95pu
wR/PU

Fig. 10 Maximum value of the negative sequencerrafirrent as a function
of the negative sequence voltage and rotor spethdoatillatory torque
compensation (at rated current in the positive eage and pos. seq. priority)

12 vs2= 0.40 pu

=0.60 pu
vs2= 0.30 pu
Vs1 = 0.70 pu
Vs2= 0.20 pu
Vs1 = 0.80 pu
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Vs1 = 0.95 pu
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Fig. 11 Amplitude of the oscillatory air gap toeqwith oscillatory torque
compensation as a function of the negative sequesitage and rotor speed
(at rated current in the positive sequence andggap.priority)
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With negative sequence priority the oscillatoryqiee can
be eliminated for all imbalance levels. The negatequence
current is comparable to the other controlled makeshown
in Fig. 12. However there are substantial limitasiofor
positive sequence control for negative sequencdages
higher than 0.1-0.2 pu. (Fig. 13). Due to the RSfltage

IV. The



limits the DFIG can only be operated in under-eaitnode. has priority, and therefore negative control ohjexst can only
Hence voltage support as required by most grid €dslenot be partly accomplished.

possible. Furthermore active current
accordance with (14) which reduces torque contaphobilities
more than what would have been with positive segeien
priority. In practical applications a simplifiech&ar limitation

of the active stator current according to Fig. &# be chosen

to avoid complex numerical online calculations.
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Vs1 = 0.90 pu
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Fig. 12 Amplitude of the negative sequence statorent with elimination of
the oscillatory air gap torque in dependence om#gative sequence voltage
and rotor speed with neg. seq. priority
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Vs2= 0.40 pu
Vs1 = 0.60 pu
vs2= 0.30 pu
Vs1 = 0.70 pu
Vvs2= 0.20 pu
vs1 = 0.80 pu
Vs2= 0.10 pu
Vs1 = 0.90 pu
Vvs2= 0.05 pu
Vs1 = 0.95 pu

Fig. 13 Maximum reactive stator current in theifpoes sequence with
elimination of the oscillatory air gap torque iffatén to the negative
sequence voltage and speed with neg. seq. priority

V4,

is1c,max/PU

.0 0.1 0.2 0.3
Vs2/pu
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Fig. 14 Simplified characteristic for the maximaetive stator current in the
positive sequence system with elimination of thellagory air gap torque in
relation to the negative sequence voltage with seg. priority

VI. CONCLUSIONS

During unbalanced conditions in the grid decoupldd0l D. Navarro, M. Richter, “Control of Doubly-Fed Inction Generators
positive and negative sequence control enable Ddyems
to prioritize the control targets according to grabde
requirements or wind turbine system optimizatiorjeotives.
Usually these are active power generation, voltagerol and
support in the positive sequence, loss optimizagioch thermal
and mechanical stress reduction. For small imbaksneost of
these targets can be fulfilled concurrently sinoelimitations

are expected with respect to common voltage andewur

capabilities of modern DFIG systems. However dusegere
grid asymmetry significant limitations have to leken into
account. To comply with the current grid code regmients
regarding voltage support positive sequence conisolally

must be lichite

VII. APPENDIX
DFIG PARAMETERS USED IN THIS STUDY

V, 690 V rg 0.006 p
P, 2000 kW rr 0.006 pu
f, 50 Hz lasc 0.265 pL
w 1.2 pu resc 0.005 pu
Im 4.000 p VRSCma: 0.4 pL
Iog 0.125 pU Vescma 1.1 pU
lor 0.125 pu

The DFIG parameters normally are not constant due t

saturation or skin effects. Also the variation dege on the
operating point, level of asymmetry or transienhditions.
This was not considered here.
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