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Abstract: This paper presents a unified positive- and negative-sequence dual-dg dynamic model of wind-turbine driven doubly-
fed induction generator (DFIG) under unbalanced grid voltage conditions. Strategies for enhanced control and operation of a
DFIG-used back-to-back (BTB) PWM voltage source converter (VSC) are proposed. The modified control design for the grid-side
converter in the stationary off frames diminishes the amplitude of DC-link voltage ripples of twice the grid frequency, and the two
proposed control targets for the rotor-side converter are alternatively achieved, which, as a result, improve the fault-ride through
(FRT) capability of the DFIG based wind power generation systems during unbalanced network supply. A complete unbalanced
control scheme with both grid- and rotor-side converters included is designed. Finally, simulation was carried out on a 1.5 MW
wind-turbine driven DFIG system and the validity of the developed unified model and the feasibility of the proposed control
strategies are all confirmed by the simulated results.
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INTRODUCTION

The forced-commutated PWM voltage source
converter (VSC) has been increasingly employed as
one of the building blocks in the electric power sys-
tems including FACTS controllers and HVDC sys-
tems, and for renewable energy conversion systems
such as wind-energy and photovoltaic solar energy
generation systems. In particular, as in wind-energy
developments, in order to overcome the problems
associated with the traditional fixed-speed systems
and to maximize the wind-energy capture, vari-
able-speed wind turbines based on doubly-fed induc-
tion generator (DFIG) equipped with a back-to-back
(BTB) PWM VSC, including grid- and rotor-side
converters connected between the grid and the DFIG
rotor, will be employed in many new wind farms.
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During balanced grid conditions, the rotor-side con-
verter controls the DFIG stator output active power as
well as reactive power with control system usually
defined in the stator-flux oriented (SFO) synchronous
reference frame. Meanwhile, the grid-side converter
maintains a constant DC-link voltage with the con-
troller usually defined in the synchronous reference
frame fixed to the stator voltage. The characteristics
of such scheme under normal operation conditions, in
which both converters are vector-controlled, could be
categorized as follows (Pena et al., 1996): (1) inde-
pendent control capability of stator output active and
reactive powers with bi-directional power flow; (2)
low distortion of stator, rotor and supply currents and
high-quality DC-link voltage with a relatively small
filter capacitor; (3) control of the displacement factor
between the voltage and the currents for grid-side
converter; (4) typical converter rating at around 30%
of the generator rating for a given rotor speed range of
0.75~1.25 p.u.
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These advantages cannot be entirely achieved
during unbalanced grid voltage conditions, which,
however, are common in power systems, especially
for weak AC systems.

Recently, a number of studies have been carried
out to examine the fault-ride through (FRT) capability
of the DFIG system during network disturbance
(Tapia et al., 2003; Morren et al., 2003; Sun et al.,
2005; Morren and de Haan, 2005; Petersson et al.,
2005). Whereas for all the work reported, the network
voltage was assumed to be symmetrical. However, in
practice, asymmetric faults occur more frequently
than symmetric ones. For a DFIG system, if the
voltage unbalance is not considered in the control
system, the stator current could be highly unbalanced
even with a small unbalanced stator voltage. The
unbalanced currents create unequal heating among
stator windings and torque pulsation in the generator.
A wind-turbine driven DFIG without unbalancing
voltage control considered might have to be discon-
nected from the network during network voltage un-
balance (Idsoe Nass et al., 2002). On the other hand,
the emerging grid codes require the wind farm to
withstand the negative-sequence currents that occur
during phase-to-phase faults on the transmission or
distribution system without disconnection (National
Grid Transco, 2004). In addition, the wind farm
should be able to withstand a maximum value of
phase voltage at the small steady-state unbalance of
2% and large transient unbalance of 5% without
tripping (National Grid Transco, 2004). Nevertheless,
the detailed impacts of unbalanced supply on the
operation of DFIG and the associated converters are
still largely unknown.

Existing literature (Stankovic and Lipo, 2001;
Xu et al., 2005; Yazdani and Iravani, 2006) report
extensive studies on grid-connected PWM VSC con-
trol strategies to minimize and even to eliminate the
harmonics in the input current and the ripples of twice
the grid frequency in the DC-link voltage. It was
concluded that the control schemes, conducted in both
positive- and negative-synchronously rotating refer-
ence frames, have their inherent defects, including the
limited bandwidth of current-control loops due to the
decomposition of positive- and negative-sequence
components by using low-pass or notch filter. Besides,
the converter was assumed to be loaded with a purely
resistive impedance, which is an erroneous approxi-
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mation in DFIG-used BTB PWM VSC, especially
during grid disturbance. Yazdani and Iravani (2006)
presented a unified dynamic model for BTB VSC-
based systems and approved its application to a
variable-speed directly-driven wind-power genera-
tion system under unbalanced grid conditions.
Whenas, the situation becomes more complicated in
the wind-turbine driven DFIG systems under unbal-
anced grid voltage due to the existing electro-
mechanical interactions, limited rotor converter rating
and oscillating power flow exchange between the
generator rotor and the rotor-side converter. It has
never been reported in previous works on how the
strategies should be adopted in order to provide DFIG
systems with enhanced performance, and how the
strategy is implemented on the machine and espe-
cially on the associated converter control system to
meet the overall operational targets.

This paper presents a unified positive- and
negative-sequence dual-dg dynamic model for a
wind-turbine driven DFIG under unbalanced grid
voltage conditions. Strategies for the enhanced con-
trol and operation of a DFIG-used BTB PWM VSC is
proposed, which provides unbalanced FRT capability
for the DFIG based wind power generation systems
during unbalanced network supply voltage. A com-
plete unbalanced control scheme for both grid- and
rotor-side converters is designed. Finally, simulation
was conducted on a 1.5 MW wind-turbine driven
DFIG system. The validity of the developed unified
model and the feasibility of the proposed control
strategies are confirmed by the results.

MATHEMATICAL MODEL OF DFIG

Fig.1 shows the spatial relationship between the
stationary off reference frame, dg" and dg~ reference
frames rotating at the angular speed of w; and —w;,
respectively. According to Fig.1, the transformation
between af, dg" and dq~ reference frames are given
by

o LY — jo
F,=F,;"", F,=F_,c "™,

(1a)

F,=F,e"™ F, (1b)

_ pt ai2ot
dq dg — F ag® >

where superscripts +, — represent the positive- and
negative-rotating reference frames, respectively.
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The equivalent circuit of DFIG in the dg" ref-
erence frame is shown in Fig.2.

Fig.1 Relationship between the of, dq" and dq~
reference frames

A
& A

- +
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Fig.2 T-representation of the DFIG equivalent circuit in
the positive-reference frame rotating at the speed of @,

According to Fig.2, the stator and rotor flux

and y, are represented respectively by

'//:dq = le;lq + LlnIrJ:lq > (2)
y/:dq :LmI:dq +LrIrtiq' (3)

From Fig.2, the stator and rotor voltages

V., and V! in the dg" reference frame can be ex-
pressed as
+ + dl/’: : +
Vsdq = RSI sdq + d tdq + Ja)s'//sdq s (4)
+ + d'lll:i : +
I/ralq = errdq + dt : + Ja)slip+ylrdq’ (5)

where, R, and R, are stator resistance and rotor resis-
tance, respectively; L=Lyt+Ly, and L=Ln+L, are
total self-inductance of stator and rotor windings
respectively; Ly, Lo, and Ly, are stator and rotor
leakage inductances and mutual inductance, respec-
tively; ws is synchronous angular speed; @; is rotor
angular speed; wyip+=ws—a is slip angular speed.

According to Eq.(1) and Fig.1, the stator and
rotor current, voltage and flux vectors can be ex-
pressed in terms of positive- and negative-sequence
components in the positive- and negative-synchro-
nously rotating frames, respectively as

Vo =Vege Vi =Viie +Veaye ™™,

I:dq = I:dtﬁ + I:dqf = Is+dq+ + I;jqie’jzws’ ,

W:dq - W:dw + W;:iq— = W;iq+ + ll/;iq_esz“’S’ , ©
Vie =Vige Ve =Veays + Vo

Ir;q = I;;.‘H + I;;'q, = ITJ;[‘H + Ir;qie—ij’.t’
VoV Wi Vi

where subscripts +, — represent positive- and nega-
tive-sequence components respectively.

According to Egs.(2) and (3), the rotor flux and
stator current can be calculated as

Yo, = LWy, /L +oL I, @)
I:dq = (!//:dq —LmI;q)/LS, (8)

where (Fl—Lmz/(Ler) is the leakage factor.
Substituting Eq.(7) into Eq.(5) yields the rotor
voltage in the dg" reference frame as

S S

d(L L
Vi=RI +—| 2y +olLl |+jao, | v +oLl
r Rr r dt[L '//s T r\J .] shp+(L '//9 T r]

Conody (L
:&1;+0er; 4o zs +joy,. Ef’“y/:JrO'LrI:].

(€))

The equivalent DFIG model in the dg reference

frame is similar to that in the dg” frame except for

replacing the superscript + in Eqgs.(2)~(5) and

Eqgs.(7)~(9) with —, and the @y, in Eqgs.(5) and (9)
with @yip-=—ws— ;.

According to Eq.(6), Eq.(5) could be rewritten as

d'l/+ +
+ + rdg . o rdg . +
I/rdq - errdq + dr + .]a)slierl/’rdq ~ dr + .]a)slierWrdq
_ d + - 2ot : + - —j2ot
- E ('//rdq+ + y,rdq—e ) + stlip+ (Wrdq+ + '/,rdq—e )
_ - —j2o . + - —j2a4
- _szs y/sdq—e + stlip+ (Wrdcﬁ + '//rdq—e )
— + - o200y
- -](a)slip+'llrdq+ + a)slip—l/’rdqfe ) (10)
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Similar to that under balanced grid voltage sup-
ply, the stator output instantaneous active and reactive
powers under unbalanced network condition could be
expressed as

P+jO ==V, 1, 12
=[IDSO + I)ssinZ Sln(2a)st) + IDscosZ COS(2C()SI)]

+ 10, + O.yin SINRa0,) + O, .., cOsLa,1)],

(11)

where i;q is the conjugated space vector of I, ; Py,

Pgsinp and P00 are the DC average, cosine and sine
terms of twice the line frequency contained in the
instantaneous stator output active power, respectively;
050, Ossinz and Oscos2 are the DC average, cosine and
sine terms of twice the line frequency contained in the
instantaneous stator output reactive power, respec-
tively.

Rearranging Eq.(11) as a matrix product form
yields

F, Vae Voo Vao Voo
0, Vae Vi Voo Ve ||vee
ssin2 :_éi Ve V- _Vs;r Vo V/;j+
P | 2L\ Ve Vo Vao Ve |ve
Osin> Ve Vo Vo Vaw || V-
[ Dscos | Ve Ve Ve Vad
Vo Ve Ve Vo]
Var  Vao Voo V|| Lus
Ol Ve T T Ve || I
2L\ Vo Voo Voo Vo || L
Vo Vo Voo Var || -
Ve T Voo Vi
(12)

According to Eq.(10), the rotor output instanta-
neous active and reactive powers could be repre-
sented as
P40 =W, 1L, 12

= _3j(wslip+w;lq+ + wslip—w;lq—eijzwg )(Ir:{zﬁ + I;lq—eﬂwsr)/z
=By + Bgna SiN201) + B, c08(201)]

+ j[QrO + Qrsin2 Sln(za)st) + Qrcosz COS(2C€)St)],

cos2

(13)
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where i;,q is the conjugated space vector of I:f,q; Py,

Psimp and P, are the DC average, cosine and sine
terms of twice the line frequency contained in the
instantaneous rotor active power, respectively; O,
Orsinz and O,o52 are the DC average, cosine and sine
terms of twice the line frequency contained in the
instantaneous rotor reactive power, respectively.
Similar to Eq.(11), Eq.(13) can be rearranged as

Fo
0, L.
_O 3 Oy M, 0y, M), [f
e =E a)slip—Mlz a)slip+M22 Iriﬁ ,  (14)
Qr::z a)slip—MZI wslip+M11 IZ:
_QrcosZ_
where,
M11 — l//rq: _l//rer , M12 — l//rq: _l//rii— ,
Wi _l//rq+ A _(//rq—
- - + ot
M21 — l//x;q— l//rd: , M22 — l//x;rq+ l//:d+ )
“Via- _V/rq - Vias l//rq+
CONTROL DESIGN

In this section, a new control design for the
grid-side PWM VSC to minimize the DC-link voltage
ripples of twice the grid frequency will be proposed
under unbalanced network supply firstly. Conse-
quently, two alternatively improved control strategies
for rotor-side PWM VSC are provided. Finally, a
complete unbalanced control scheme for the
wind-turbine driven DFIG system with both grid- and
rotor-side converters included is constructed.

Grid-side VSC control design

As shown in Fig.3, the grid-side converter of the
DFIG-used BTB PWM VSC plays the role of a boost
rectifier at the sub-synchronous speed and maintains a
constant DC-link voltage at the full speed range of
operation. Under unbalanced grid voltage conditions,
its behavior can be depicted in the dg” and dg™ refer-

ence frames as (Stankovic and Lipo, 2001)
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Grid-side VSC
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Rotor-side VSC

DFIG

Fig.3 Schematic diagram of a BTB VSC in the wind-turbine driven DFIG system

+
+ dq+
Edq+

+RI

dg+

=L

: + +
+ Ja)sLqu+ + qu+,

(15)
+RI, —jolLl, +V, .

dq—

E, =L
The instantaneous active and reactive powers at
the input ends of the grid-side VSC can be expressed

by

P_=F +P,cos(2w,t)+ P,sin(2at), (162)
a
Qac = QO + c2 COS(2a)st) + Q52 Sin(za)st)’
where
R (v v
o |v oviov v
Pl 3 Ve Vo Ve Vo e )
f;z 2 Vq— _V:i— _Vq+ Vd+ Id—
Qc2 Vq_— _Vd_— ti _thr I q__
Q.1 Ve Yo Ve Vi

Therefore, by using the power-balancing equa-
tion, the DC side equation under unbalanced condi-
tions can be expressed as

dv
R=P =C 4P, (17)

where P; and P, are the instantaneous active powers
flowing through rotor- and grid-side converters, re-
spectively.

To eliminate the DC-link voltage ripples during
grid-voltage unbalance with the traditional control
strategy (Stankovic and Lipo, 2001), the converter
was assumed to be loaded with a purely resistive
impedance, which is effective for keeping the DC-
link voltage flat and for obtaining the current

references by setting P.,=Ps=0. However, with re-
gard to DFIG-used grid-side VSC, it is not reasonable
yet to still employ the traditional control scheme since
the load is a VSC-supplied DFIG rotor with
power-flow oscillating under unbalanced grid voltage,
which can be observed from Eq.(13), rather than a
resistive impedance.

Therefore, a modified control strategy for
minimizing the DC-link voltage ripples should be
designed. As Py, and Py, are assumed to be the cosine
and sine terms of rotor power P; gy and P o5, T€-
spectively, the current references can be figured out as

il [eoveo v v
1 (;i 3 I/d_— Vq__ I/dtr I/(;r rcos2 .
[‘;j Vq: _Vd: _I/q: thr rsin2

Once the current references are obtained and in
order to avoid the use of band-trap filter for decom-
posing the positive- and negative-sequence compo-
nents of the current, a new control scheme based on
the stationary ¢of frame with multi-frequency pro-
portional-resonant (MFPR) controller (Yuan et al.,
2002; Hu and He, 2007) is constructed as shown in
Fig.4. To sufficiently eliminate the steady-state error
of multiple current harmonics, such as the 3rd and 5th
harmonic components concerned, the MFPR regula-
tor in the stationary af frame should have the struc-
ture as depicted in Fig.5.

According to Fig.5, the transfer function of the
current regulator can be represented as

K, K. K.
C)=Kp+ gty P (19)
sTto; s +Qw,) s+,
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Fig.4 Schematic diagram of the proposed control system for grid-side PWM VSC
.
l//sd+
* Eup +* +
Lop S S 1 Lop 1rd+ _ 2 LS -1 PsO 31 l//qur
— N E=—) +Z—N| 7L (20)
i Irq+ 3 Lm QSO 2 Ls V/sd—
Ve
where
I~
MFPR _ _
Vi Vg Vae Vo Vao Voo
. . . _ q+ N _ sd+ sq+ S sq
Fig.5 Current control diagram based on multi- M = . + | = N N _ _ -
\ Vi V. Var Voo Voo —Va
frequency proportional resonant 4 S 54 § 54 5

where K;p and Kj are the proportional and resonant
coefficients, which can be determined based on
Naslin polynomial, @3,=1007 is the grid angular fre-
quency.

Rotor-side VSC control
According to Eq.(12), there are four rotor current

components /., I’ , 1, , 1 _ required to be con-

g+ rq—
trolled under unbalanced grid voltage conditions. In
addition to independently controlling the average DC
components of the active and reactive powers Py, and
O, two more other subjects can be controlled. In this
paper, the control system is to be designed to operate
with either of the following control aims:

Target I: No rotor current oscillation, i.e. no rotor
negative-sequence current;

Target 11: Balanced stator current, which ensures
balanced heating in the three-phase stator windings.

For target I, there are /,; =0 and /" =0 and
according to Eq.(12), the reference values of the

positive- and negative-sequence rotor currents can be
determined as

While for Target II, the balanced stator current
means [, =1[, =0. According to Eq.(8), the ref-

erence values of the negative-sequence rotor currents
can be expressed as
Li =y Ly L) =y /L, @D

According to Eq.(12), the reference values of the
positive-sequence rotor currents can be calculated by

Ve
[%} :M’1 ELS })SO +ELN l//%”
Irq+ 3 Lm QSO 2 Ls l//sd—
- 22
v || @
LV Vg || Ve
L\ Ve Va |V |)

Once the reference rotor currents are obtained
I+

g+

according to the individual control aim, I

rd+>

1, I;r are required to be regulated to follow their

varying references, respectively. Similar to balanced
control system (Hu and He, 2006) and according
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to the rotor voltage equations in the positive- and
negative-synchronously rotating frames, two rotor
current controllers can be designed as

_V+ 7 U+ _1+ b L o+
"i*‘ = O-Lr rj+:| - O-Lr‘AJr "f*’ - wslip+ — l//sq: :|a
_Vr‘” i _U“I+ _[rq+ i Ls __l//sd+
(23a)
v ] U 1] L[ v
oL | } -oL A - Wy qu: }
_qu* i _Urq* _Irqf i Ls __l//sd—
(23b)
where
A+ _Rr /(O-Lr) a)slip+
- _a)slip+ _Rr /(O-Lr) ’
| =R /(cL)) Oy
- _a)slip— _Rr /(O-Lr) ’
and U, U, ,U, ,U,_ areexpressed as
Uy = kyn (L, =L ) + ke (L, = 1,)de,
j pll jk j nf Ji +d (24a)
Urq+ = kal([rd+ - Ird+) + kiIl.[(Irq+ - Irq+ )dtﬁ
Ur:xf = kaZ(Irj— - [r:l—) + kilzj(]r:l*— - Ir:l—)dt’ (24b)

U-

v =k =1y )+ ki [(1 =1, ),

where kpri, kin and kpp, ki are the proportional and
integral coefficients of the positive- and negative-
sequence current controllers, respectively.
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Based on the aforementioned control strategies,
an unbalanced control scheme for the wind-turbine
driven DFIG under unbalanced grid supply voltage
conditions was constructed, as shown in Fig.6. In this
figure, a phase-locked loop (PLL) circuit is used to
detect the grid voltage frequency and to follow the
grid phase, which provides dependency for imple-
menting positive- and negative-synchronously rotat-
ing transformations on stator and rotor voltages and
currents. Besides, as shown in Eq.(6), the posi-
tive-sequence components appear in the dg" reference
frame as DC values, whereas, the negative-sequence
components behave as oscillating quantities with
frequency of 2w;. It is similar to the dg reference
frame. In order to decompose the positive- and nega-
tive-sequence components, a notch filter tuned at 2wy
is employed to remove the oscillating items.

SIMULATION

Simulations of the proposed control strategies
for a BTB PWM VSC used in DFIG-based wind
power generation system were conducted using Mat-
lab/Simulink. The DFIG is rated at 1.5 MW and its
parameters are listed in Table 1. The nominal DC-link
voltage was set at 1200 V and the switching fre-
quencies for both converters were 3 kHz. During the
simulations, the stator voltage was around 2%
steady-state and 5% transient unbalances and the
generator speed was fixed at 1.2 p.u.

DC link

Yvy

P
S . I'«:;; + V;«;&
- | current () Eq.(23a)[—# i@ -V,
—®| reference | A e SVPWM
calculation | ™ rdg 0 +
Target _@_ Eq.(23b) o 00
AL A A - 4¢
Lun <«
I Notch filter = | _
rdg— 2605 . Irdq
W%T Flux observer - Eé— A
Vsigr i
= " ot
To grid-side Yrig- + * Yiagr
Controller PrsinZ, Preos2 j

calculation | [ .

< V.
Iadﬁ Iy Notch filter|

20, V-
+ - -l
Vi Var -

Rotor side
converter

Fig.6 Schematic diagram of the proposed unbalanced control strategies for rotor-side PWM VSC under

generalized unbalanced grid voltage conditions
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As shown in Fig.7c, with the traditional balanced
control (Hu and He, 2006) employed, the stator cur-
rent becomes highly unbalanced in the presence of
unbalanced stator voltage. The three-phase rotor
currents, with frequencies equal to the rotor me-
chanical frequency minus the stator frequency, are
made up of both the fundamental component of 10 Hz
(60-50) and the harmonic component of 110 Hz (60
+50). The measured stator current unbalance is about

Table 1 Parameters of the simulated DFIG

Parameters Values
Rated power 1.5 MW
Stator voltage 575V
Stator/rotor turns ratio 0.38
Stator resistance Ry 0.00706 p.u.
Rotor resistance R, 0.005 p.u.
Stator leakage inductance L 0.171 p.u.
Rotor leakage inductance L, 0.156 p.u.
Mutual inductance L., 29 p.u
Lumped inertia const. 5.04s

1337

6.7% and the amplitude of the rotor current harmonics
of 110 Hz is about 5.6% of the fundamental compo-
nent of 10 Hz. Since the active power exchange be-
tween the DFIG rotor and the rotor-side VSC contains
100 Hz oscillation, the voltage ripples with 100 Hz in
frequency and about 12.7 V in amplitude (peak-to-
peak) appear in the DC link, which make the 3rd (150
Hz) harmonics of the grid-side VSC current be 4.2 %
of the fundamental frequency. With the conventional
grid-side VSC control design (Stankovic and Lipo,
2001) and the proposed rotor-side control strategy
(Target I) employed, Fig.7b shows the simulated re-
sults with the same condition as in Fig.7c, from which
it is obvious that the stator and rotor current unbal-
ances are both impressed down to 1.8% and 0.6%,
respectively, while the grid-side VSC still contains
4.8% of 150 Hz harmonic and the amplitude of
DC-link voltage ripples are maintained at the value of
15.4 V. In Fig.7a, the simulated results predicted by
employing the developed grid-side design and the

current (p.u.)

current (p.u.)

DC-link  Rotor-side VSC Grid-side VSC

voltage (V)
)
S
S

—
—_
W
(=]

JAMARRER AL A A DA RNNARDAp A hn s d Ao B np At d  LaadAARANRA AMAANA .
LARARM IR AR LA L R R R R A AR R VAWV VYWY

il

OO
G

8
g
<
3
[
g
5 IR PP o o P
2 \
.2
23
F S ) ¢ A AR A WAV
i : 5 : :
o = H H H H
g g i ; ; i
% = 0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
Time (s) Time (s) Time (s)
(a) (b) (c)

Fig.7 Simulated results under 2% stator voltage unbalance and @,=1.2 p.u.
(a) Proposed grid-side design+Proposed rotor-side design (Target I); (b) Traditional grid-side design+Proposed rotor-side

design (Target I); (c) Balanced control design
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proposed rotor-side control strategy (Target I) to-
gether are given. It is clear that the DC-link voltage
ripples are effectively reduced to 10.5 V, and the as-
sociated grid-side current contains less than 2.8% of
150 Hz harmonic. Meanwhile, the stator and rotor
current unbalances are even more diminished to 1.5%
and 0.3%, respectively. It can be also concluded from
Fig.7 that in order to control the rotor current pre-
cisely, the induced rotor voltage increases when grid
voltage unbalance occurs. Meanwhile, the fluctuation
at twice the grid frequency in the electromagnetic
torque gets effectively diminished with the proposed
control design for the rotor-side VSC. For comparison,
the simulated results are summarized in Table 2,
where I, is the grid-side VSC current vector.
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Further tests on the proposed grid-side VSC de-
sign and the two alternative rotor-side VSC control
strategies were conducted with the same conditions
except for 5% stator voltage unbalance as in Fig.7.
The results are shown in Fig.8, where the control aim
of the rotor-side VSC was initially set to Target I, and
then changed to Target II at the instant of 0.5 second.
As can be measured from Fig.8, with rotor-side VSC
controller set to Target I, the rotor current unbalance
is suppressed to only 0.11%, while the stator current
unbalance is measured about 1.5%. When switched to
Target II, the stator current unbalance becomes very
low, only 0.2% with 1% unbalance of rotor current.
Besides, with both rotor-side VSC control targets, the
DC-link voltage ripples are well diminished to 21.5 V

Table 2 Comparative results with different control strategies employed under unbalanced grid-voltage conditions

I unbalance (%) I, 11th (110 Hz) unbalance (%) 1, 3rd (150 Hz) harmonics (%) V4 ripple (V)
Fig.7a 1.5 0.11 2.8 10.5
Fig.7b 1.7 0.3 4.8 15.4
Fig.7¢c 6.7 5.6 4.2 12.7
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Fig.8 Simulated results during 5% stator voltage unbalance with the proposed grid-side control design and two
alternatively proposed rotor-side control strategies: Target I (0.2~0.5 s), Target II (0.5~0.8 s)

(a) Three-phase grid-side VSC current (p.u.); (b) Three-phase rotor-side VSC current (p.u.); (¢) DC-link voltage (V); (d)
Three-phase stator current (p.u.); (e) Stator positive-sequence dg current (p.u.); (f) Stator negative-sequence dg current
(p.w.); (g) Rotor positive-sequence dg current (p.u.); (h) Rotor negative-sequence d current (p.u.); (i) Rotor nega-
tive-sequence ¢ current (p.u.); (j) Three-phase rotor voltage (p.u.); (k) Electromagnetic torque (p.u.)
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in peak-to-peak amplitude. It is easily concluded from
Fig.8 that as a result of well-regulated positive- and
negative-rotor currents in the positive- and negative-
synchronously rotating reference frames, the alterna-
tive control strategies proposed could be fully
achieved and the system performance is sufficiently
satisfied.

CONCLUSION

This paper has presented an analysis and control
in detail for a BTB PWM VSC, used in the
DFIG-based wind power generation system, operating
under unbalanced grid voltage conditions. The fol-
lowing conclusions can be made:

(1) Under unbalanced grid-voltage conditions,
the developed unified mathematical model of DFIG
in the positive- and negative-synchronously rotating
frames provides a useful tool for defining exactly the
stator and rotor instantaneous active and reactive
powers, which indicates that significant oscillations
of twice the grid frequency do exist.

(2) The modified control design for grid-side
VSC takes into consideration the oscillating power-
flow exchanging between the DFIG rotor and the
rotor-side converter under unbalanced grid voltage
conditions, which diminishes the amplitude of the
DC-link voltage ripples of twice the grid frequency
and leads to the possibility of reducing the size of
DC-link capacitor for a BTB PWM VSC used in a
DFIG-based wind-power generation system during
unbalanced network supply.

(3) With the proposed design employed to control
the grid-side VSC, a rotor current control scheme
based on the positive- and negative-synchronously
rotating reference frames was proposed to provide
precise control of the rotor currents. As a result, the
two alternatively proposed control targets for ro-
tor-side VSC were achieved satisfactorily, which en-
hances the unbalanced FRT capability of DFIG-based
wind-power generation systems under unbalanced
network supply voltage. Meanwhile, the induced rotor
voltage gets increased so as to provide the precise
rotor current control, but it will not increase the above
DC-link voltage of the converters under the afore-
mentioned voltage unbalance.
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