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This paper proposes a control methodology for compensation of grid voltage unbalances using a new
scheme of doubly fed induction generator (DFIG) based on a series grid side converter (SGSC), the series-
DFIG scheme. In such DFIG scheme, the grid side converter (GSC), which is usually connected in parallel
to the machine stator, is replaced by the SGSC, connected in series with the machine stator. The proposed
control methodology exploits the potential of the series-DFIG scheme to avoid that grid voltage unbal-
ances compromise the machine operation, and to compensate voltage unbalances at the point of common
coupling (PCC), preventing adverse effects on loads connected next to the PCC. This methodology uses the
rotor side converter (RSC) to control the negative sequence current injected through the machine stator
and the SGSC to control the negative sequence stator voltage to minimize the electromagnetic torque

oscillations. The proposed control methodology is validated by simulation results.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wind power has become one important source of energy. Due
to the characteristics of regions with good wind energy availability,
wind turbines are frequently connected to power grids suscepti-
ble to unbalanced grid voltage conditions due to their placement
in remote or rural areas. Unbalanced grid voltages are caused by
different factors as: asymmetrical loads, transformer windings,
asymmetrical transmission impedances and grid faults [1,2]. They
are responsible for operation issues, such as electrical machine
overheating, transformer overloading, and capacity limitation of
power electronic devices. Such issues have encouraged the publica-
tion of standards and guidelines to limit the operation when voltage
unbalances are present, as the one from the National Electrical
Manufacturers Association (NEMA) in Standards Publication no.
MG 1-1993 [3], which recommends the derating of asynchronous
machines under voltage unbalances up to 5%, and does not recom-
mend the operation above this limit.

In the past, as the penetration of wind power was very low, the
wind turbine connection requirements were focused mainly on the
turbine protection and, in case of disturbances, the wind turbines
were simply disconnected from the grid. This scenario has changed
and, currently, wind turbines should remain connected during
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system disturbances and, in some cases, wind turbines are required
to actively support the grid. Among the possible disturbances,
voltage unbalance is responsible for a poor wind generator perfor-
mance and it is an important cause of partial or total disconnection
of wind parks [4,5]. As a consequence, some strategies for the oper-
ation of wind turbines under unbalanced voltage conditions have
already been proposed and are still evolving towards an effective
solution.

Among the current technologies used for wind energy con-
version, the Doubly Fed Induction Generator (DFIG) has been
one of the most employed in the last years due to its oper-
ational flexibility. When this generator is subjected to even a
small unbalanced grid voltage, it presents highly unbalanced stator
and rotor currents [5]. These unbalanced currents are responsi-
ble for oscillations in the electromagnetic torque, compromising
the machine integrity [6]. When the grid operation is analyzed,
the unbalanced machine operation can increase the grid voltage
unbalance level, once the machine presents low negative sequence
impedance.

Several control strategies have already been proposed for DFIG
operating under unbalanced voltage conditions. The most of them
have focused on compensating the negative effects of grid unbal-
anced voltages on the generator operation [7-13]. Other strategies
focus on improving the grid voltage unbalance levels by inject-
ing a negative sequence current [ 1]. The objectives of the negative
sequence current injection usually are: to reduce the unbalanced
current flowing in the grid; to reduce the voltage unbalance at the
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Point of Common Coupling (PCC); or to improve the whole grid
voltage unbalance profile.

The natural solution for voltage unbalance compensation is to
use the converters already present in DFIG for this task. In a con-
ventional DFIG, the machine rotor is coupled to the grid by a
bidirectional converter, which is composed by the Rotor Side Con-
verter (RSC), the DC link and the Grid Side Converter (GSC). The
RSC is connected to the rotor windings and the GSC is connected in
parallel with the machine stator winding and the PCC.

As the rotor machine currents can be controlled by the RSC,
such control can be used (a) to reduce the electromagnetic torque
oscillations produced by the stator unbalanced voltages [8-17]; or
(b) to inject a negative sequence current in the grid through the
machine stator [1]. It is also possible to inject a negative sequence
current by the GSC [1,18,19] which can be used either to compen-
sate the machine own influence or to minimize the grid voltage
unbalance, as long as there is a residual power available in the con-
verter. A coordinated solution combining the RSC and GSC negative
sequence controls [1,20,21] tends to be more efficient. However,
the techniques using the conventional DFIG are limited by the
remaining capacity of the converters, which depends on the point
of operation of the generator.

Another solution to reduce the DFIG susceptibility to voltage
disturbances has been developed [22], by inserting a third con-
verter based on Dynamic Voltage Restorer (DVR) architecture. This
solution allows the compensation of the machine stator voltage
from any disturbance of the grid voltage. The third-converter, called
Series Grid Side Converter (SGSC), is coupled by a series transformer
to the machine terminals and shares the DC link with the GSC. In
[23]an improved voltage ride through capability of this DFIG topol-
ogy has been observed when compared to the traditional scheme.
This configuration has also a better capability to deal with network
unbalanced conditions [24].

In order to avoid the extra cost of a third converter, a two-
converter series topology in which the SGSC replaces entirely the
GSC functions, has been proposed [25-27]. To achieve this objec-
tive the DC-Link voltage control was integrated to the SGSC. This
DFIG topology has allowed to combining the capacity to deal with
voltage disturbances of the three-converter series topology with
the lower cost of the two converters of a traditional DIFG scheme.
It is worth to highlight that, compared to the conventional DFIG
scheme, the series-DFIG presents a considerable higher potential
to compensate the voltage unbalance at the PCC due its capacity to
control the stator voltage.

Although the series compensation of the series-DFIG scheme
can improve the voltage unbalance levels at the PCC, so far no
control strategies have been proposed for this task using this
scheme. This task requires a coordinated control of the convert-
ers to inject the negative sequence current and the compensation
of the torque oscillations due to these currents in the machine. To
accomplish this, the present study proposes the control of the neg-
ative sequence current by the RSC, and the control of the stator
voltage by the SGSC to minimize the torque oscillations.

In this context, a control strategy to compensate grid unbalanced
voltages using the series-DFIG scheme is developed in this paper.
The contributions of the proposed control methodology are: (a)
exploiting a new DFIG configuration, which presents the functions
of a DVR without the need of an additional converter; (b) protec-
ting the integrity of the machine under grid voltage unbalances
conditions; (c) minimizing or even eliminating the grid voltage
unbalance at the PCC, therefore preventing issues associated with
loads connected to grid sensitive to voltage unbalances.

The paper is organized as follows: Section 2 provides the
proposed configuration of the DFIG operation under unbalanced
currents and the machine dynamic model which is used in Section
3 to show the proposed control methodology. The methodology is

validated by simulation results presented in Section 4. Finally, in
Section 5 the main conclusions are presented.

2. System architecture and model

The insertion of the SGSC as a third converter in the traditional
DFIG topology has proved to improve the capacity of the DFIG to
respond to voltage sags, swells and faults in the grid, since it enables
controlling the stator terminal voltage by regulating the output
voltage of SGSC [23]. When conventional parallel grid side con-
verter is completely replaced by the SGSC, as illustrated in Fig. 1,
the SGSC is responsible for controlling the stator terminal voltage,
as well as the DC-link [25].

In the series-DFIG scheme presented in Fig. 1, the SGSC is cou-
pled to the grid by a series transformer and the DFIG operational
principles remain the same. As the current flowing through the
SGSC and through the stator machine are the same, or proportional
to the series transformer relation, the rotor power flow is controlled
by the voltage at the SGSC, given by

P= Useriesd X Isd - Useriesq X Isq (1)

where Useriesq and Useriesq are the direct and quadrature compo-
nents of the voltage induced by the transformer connecting the
SGSC, and Iy4 and Igq are the direct and quadrature components of
the stator current.

Considering unbalanced operation conditions, the series-DFIG
controls can be separated in positive and negative sequences.
The controls applied to the positive sequence variables have the
objective to maintain the main functions of the DFIG, controlling
the active and reactive power output and the dc link voltage. In
this paper these controls have the same objective of the positive
sequence controls presented in [25-27]. For the negative sequence
control, however, it is proposed a new control methodology. While
the negative-sequence controls proposed for the series-DFIG focus
only on regulating the output voltage of SGSC for maintaining bal-
anced voltages at the machine stator, in this paper it is proposed to
inject an unbalanced current into the grid to compensate the volt-
age unbalance at the PCC. Although this objective has been used
for the conventional DFIG configuration, the series-DFIG presents
a better performance for such task, once the consequences of the
injection of unbalanced currents can be compensated by applying
an adequate voltage at the machine stator, using the SGSC. Besides,
the series-DFIG scheme allows improving the voltage ride through
capability [23].

To sum up, in the control proposed in this paper, the negative
sequence control of the RSC has the objective of injecting a nega-
tive sequence current through the machine, and the SGSC has the
objective of imposing a voltage to the machine stator to minimize
the torque oscillations produced by the negative sequence currents
flowing through the machine. The models of the series converter
and the machine are following described.

2.1. SGSC model

The SGSC is modelled as illustrated in the three-phase diagram
of Fig. 2. A RC filter is connected in parallel to the L. inductance to
reduce the high-frequency distortions present in the output of the
three-phase IGBT bridge converter. The equivalent circuit shown
in Fig. 2(b) allows calculating the voltage in the series transformer
(Useries ) according to the voltage inserted by the IGBT bridge con-
verter (Usc) and to the RLC values. It is worth noting in Fig. 2(a),
the series transformer is delta connected and the RC filter is star
connected.
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The compensation of unbalanced currents by the series-DFIG
is implemented based on the machine symmetrical components
model, which is following presented.

2.2. Asynchronous machine dynamic model

The dq model is frequently used for modelling the wound asyn-
chronous machine. The equations in the abc frame and the dq
transformations can be obtained in [28]. Fig. 3 illustrates the T
equivalent circuit of the DFIG in the positive sequence synchronous
reference frame (dq)+.

In Fig. 3, wq is the synchronous frequency, w, is the angu-
lar speed of the rotor converted into electrical frequency and
(w1 — wy) is the slip frequency. L, is the magnetizing inductance,
Lys (Lor) the stator (rotor) leakage inductance, and Rs (Ry) the stator

(rotor) resistance. U;;q (Urtiq) I;;q (rdq) and W;c—iq (lp:&q) are the

-j(U 1 ‘//_.rdq

-j((l)/-a),) ‘//+rdq

Fig. 3. DFIG equivalent circuit in the (dq)* reference frame.

Neglecting the impact of Rs losses, the stator voltage can be re-
expressed as

(%)
de+jor (¥, )
According to (4), Id can be expressed:

(o
Isdq = Ls

(9)

In the equivalent circuit, the electromagnetic power is estab-
lished by the sum of the power exported from the voltage sources

jo1 llfsdq and j(wy — )lllr;q.
P.— _Re [jan W < T i — o0 W x T (10)

Handling the fluxes and currents in the dq reference frame as
complex numbers, “x” deﬁnes the complex product between two
complex numbers and “” the conjugate complex of a complex vari-
able.

Substituting 14r and ¥V,

rdq
sible to simplify (10)

L
pe=cor ((22) i (%0 1))

by (9) and (5), respectively, it is pos-

(11)
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From P,, the electromagnetic torque can be established:

pPe
Te=— 12
e=E (12)
where p is the number of poles of the asynchronous machine.
The d axis of the dq frame is aligned to phase a of the stator volt-
age. Hence, the simplification U;;Pr = 0 is true and can be adopted
in the equations.

2.3. Dynamic model of DFIG using symmetrical components

Under unbalanced voltage conditions, the voltages, currents
and fluxes of the machine can be expressed by using symmetri-
cal components [7,30]. A variable F is defined to represent vectors
expressed in the stator stationary axis («8)s coordinate as [31]

Fop () = Fopy (£) + Fop— (t)

. . (13)
Fup(t) = |Faﬂ+(f)| eilort+oy) |Faﬁf (t)| e—i(@1t+¢-)

where the subscripts “+, —” represent the positive and negative
sequence components, with “g+, ¢.” being their initial phase shifts.
In addition, F can be re-expressed in the positive synchronous
(dq)+ coordinate and in the negative synchronous (dq)- coordinate,
indicated in the equations by the superscripts “+, =", respectively,
being w; the synchronous frequency. Thereby, the stator vectors
are decomposed into:

Fj, = Fape 71t (14)

Fy, = Fape! (15)
And the rotor vectors, indicated by the superscript r, as

Fj, = Fpge/@ront (16)

Fy, = Fogdf@ent (17)

The stator/rotor equations can be rewritten in terms of their
positive/negative sequence components in the (dq)+ frame. The
stator reference frame, expressed by the subscript s, rotates at the
frequency of w1, and the rotor reference frame, expressed by the
subscript r, rotates at the frequency of (w; — @),

+ _fpt +
Fsdq - Fsdq+ + Fsdq—

F+ _ F+ +F- e—j2w1t (18)
sdq — " sdg+ sdq—
+ _pt +
Frdq_Frdq++Frdq— (19)
+ _Ft - e-i2wqt
Frdq - Frdq+ + Frdq—e e

The stator voltage can be rewritten in the following decomposed
form:

U+ ~d(w+ s

sdq ~ sdq+ sdq—

et} Jdt+jon (W, + ¥

—j2wqt
sdq+ sdq—e )

(20)

+ A~ +  _ Y- e-2oqt
Usdq Joi (lpsqur lpsdq—e

Rewriting the stator current in terms of the positive/negative
sequence components:

I o= (lI/+ s e 2oty (21)

_i2 -
sdg — sdq+ sdq—e ! wl[) /LS = Lin(Ig,, +1

sdq+ sdq—

The electromagnetic power can be decomposed into a continu-
ous component plus pulsating components with frequency of 2w;.
To achieve this decomposition the following equations for the sta-
tor flux and rotor current must be applied in (11):

- —j2wqt
lI/thriq = lI/thrit;(-¢— + lI/sdq—e e (22)

where the term eJ2®1¢ can be rewritten in the sin/cos form:

vt =yt

g sdgr T lI@qf (cos(2wqt) —jsin(2wqt)) (23)

The same must be done to the rotor current:

o =rt 41

rdg = Traq+ rdq_(cos(2w1t) —jsin(2wqt)) (24)

Finally, substituting (23) and (24) in (11), the decomposed form
of the electromagnetic power is obtained:

Pe = Pe gc + Pe,cos(2) €OS (2w1t) + P sin(2) Sin (2w1t) (25)

where the subscripts e,dc, and e,sin(2) stand for the dc compo-
nent and the cosine/sine components at the frequency of 2w;. The
pulsating components are defined by [7]:

+
Ird+

— - + + +

Pecosa |~ Loy g Yo Y Y I+
. L - — Wt Wt _
Pe,smz S .'Ijsclf quf lIlsd+ lpSfH Ircl—
=

rq—
(26)

By the equations of the asynchronous machine decomposed into
positive/negative sequence components, it is possible to establish
different objectives of controlling the positive and the negative
sequence components of the machine. The proposed control for
the reduction of the oscillations in the electromagnetic torque is
based on the aforementioned decomposed equations of the elec-
tromagnetic power.

3. Proposed control methodology

As already discussed, for controlling the RSC and the SGSC of the
series-DFIG scheme, the variables are modelled in the positive and
negative sequences and the control is performed independently
for each sequence. The controls using the variables in the positive
sequence have the objective to maintain the main functions of the
DFIG, which are the active and reactive power output and the dc link
voltage. The controls using the negative sequence of the variables
are responsible for the negative sequence current injection and for
minimizing the effect of the unbalanced currents in the machine
torque. These controls are following described.

3.1. RSC

The RSC control using the positive sequence variables aims, as
a conventional DFIG, controlling the active and reactive output
power of the machine. The active power control follows the opti-
mal relationship between the angular speed of the rotor and wind
speed, and the reactive power control keeps unitary power factor.
Fig. 4 illustrates the diagram block of positive sequence control.

As can be noticed in Fig. 4, the d component of the rotor positive
sequence current is responsible for controlling the active output
power, while the g component is responsible for controlling the
reactive output power. The reference used is based on the stator-
voltage orientation.

As seen in Fig. 4, the measured active power of the DFIG (P(pu))
is compared with the active power of reference (P*(pu)), obtained
of the aerodynamic model of the rotor, the result passes through
a proportional integral controller (PI controller) establishing the
reference for the direct axis rotor current (Ird*). To establish the
reference for the quadrature axis rotor current (Irg*), the same pro-
cess is applied, but using the difference between the measured and
reference values of the reactive power of the DFIG (Q(pu), Q*(pu)) as
input of the Pl controller. The measured rotor current in the dq0 axis
(Ird, Irq) is obtained by an abc-dqO transformation block, and after
compared to its reference value and passing through a PI controller,
the reference for the positive sequence of the rotor voltage (Urd*,
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Fig. 4. Block diagram of positive sequence control of the RSC.
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Urq*)is established. A dq0-abc transformation block establishes the
rotor voltage in the abc frame.

The RSC negative sequence control is responsible for the nega-
tive sequence current injected by the machine stator to compensate
the unbalanced grid voltage. To reach this objective, the converter
induces an unbalanced voltage at rotor windings, which will be
responsible for a negative sequence current in the rotor windings
and, therefore, in the stator windings as well. Fig. 5 illustrates the
block diagram of the RSC negative sequence control.

As can be seen by Fig. 5, the RSC negative sequence control com-
pares the reference value for negative sequence current of the stator
(Is_g", Is_¢*) with the measured stator negative sequence current
(Is_g, Is_q), which is obtained by a Multiple Second Order General-
ized Integrator associated to a Frequency Locked Loop (MSOGI-FLL)
[32]. Therefore, applying a PI controller, the reference value for the
negative sequence rotor current (Ir_y4*, Ir_4*) is obtained and, after
comparing it to the measured negative sequence rotor current (Ir_g4,
Ir_q), the error passes through a PI controller to achieve the refer-
ence value for the rotor voltage (Ur_g*, Ur_g*). The last step is the
dq0-abc transformation block to establish the rotor voltage in the
abc frame.

The reference for the negative sequence current injection is
obtained based on the equivalent negative sequence circuit of a
simple transmission network in the synchronous reference frame
rotating at —w1 [1]. The circuit is illustrated by Fig. 6.

Where, Usource— is the negative sequence voltage before the
transmission line, R; and L; are the equivalent resistance and

Isae » MSOGI
-FLL

Ir-ae
Dy

2@ Pl

Ir-q - - Uras-*
abc + & dq0
%
8 - U 1% abe

R, Jjo,L, e L

@ U

Fig. 6. Equivalent circuit of a simple transmission line rotating at —w;.

.

impedance of the transmission line, Ipcc— and Upce— are the neg-
ative sequence current and the negative sequence voltage at the
point of common coupling, respectively.
From Fig. 6, the voltage Upc.— can be obtained:
_ Usource— + Ridpec— — jw1Lidpec— + Lydlpec—

Upce— = dr (27)

Representing (27) under steady state in the dq frame and neglecting
the resistive voltage drop, it can be simplified:

Upcc—d = Usource—d + w1 LLIpcc—q

(28)
Upcc—q = Usource—q — w1 LLIpcc—d

Therefore, to compensate the voltage unbalance in the point of
common coupling (Upe._qq =0), the injected negative sequence cur-
rent Ipe._qq can be established:

Ipcc—q = —Usource—d/@1Lt (29)

Ipee—q = Usource—q/ 1Lt
3.2. SGSC

The control of the SGSC using the positive sequence compo-
nents is responsible for regulating the DC-Link voltage. However,
strategies to increase the fault-ride-through capability can also be
implemented [22]. Fig. 7 illustrates the block diagram of the DC-
Link voltage control using the SGSC. The control is performed by
the d component of the SGSC positive sequence voltage. The q
components of stator and grid voltages are kept aligned and null.

As previously defined, the negative sequence proposed con-
trol results in negative sequence currents flowing into the rotor
and stator windings. These negative sequence currents produce
torque oscillations, which can be eliminated by a specific negative
sequence voltage at the SGSC.

Ur-anc*

Fig. 5. Block diagram of negative sequence control of the RSC.
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Fig. 7. Block diagram of positive sequence control of the SGSC.

To eliminate the pulsating components of the electromagnetic
power, P, ¢os2 and P, iz, the necessary rotor negative sequence cur-
rent should be obtained by replacing in (26) Pe,¢os2 =0 and P, sjn2 =0,
resulting in:

by = st Sy (30)
Yeq+ Vg

v '
- sd— Sq—
lg = @Iﬁd* Y L, (31)

As the rotor negative sequence current have already been set by
the RSC, it is possible to calculate the negative sequence compo-
nents of the flux W, and W, rearranging (30) and (31). Using the
relation between the stator magnetic fluxes and the stator voltages
givenin (20), it is possible to calculate the stator negative sequence
voltage according to the rotor positive/negative sequence current
to eliminate the oscillations in the torque:

U (lrd% IrqlrtH) - (32)
sd— — 2 2 sd+
Iy + It
li Ly, + g B
- _ - +
Ug- = <I+2+I+2 Usd+ (33)
rds T lrgt

Appling (32) and (33) as reference for the SGSC negative
sequence control the oscillations of torque must be kept in a secure
level. Fig. 8 illustrates the block diagram of the SGSC negative
sequence control.

In the block diagram presented in Fig. 8, first the negative
sequence of the stator voltage at the dq reference frame is obtained.
Such voltage is compared to the reference, given by (32) and (33),
and the reference of negative sequence voltage for the SGSC is
obtained. It is worth noting that when the negative sequence cur-
rent injection is not required, the SGSC eliminates the negative
sequence components of the stator voltage, avoiding any torque
oscillations caused by an unbalance at the machine stator.

Us-d*

Us~s 7| Loser”
F———>(X) Pl
MSOGI + dg0
-FLL . ¥
Us-, + Usgsc- abc
to

Us-*

Uswr | | Usgsc-uxy

Fig. 8. Block diagram of 0 negative sequence control of the SGSC.

Table 1
DFIG Data.
DFIG data
Asynchronous Rated power 2MVA
generator Rated voltage/frequency 575V[60 Hz
R 0.023 Q2
R; 0.016 2
Lis 0.18H
Ly 0.16 H
Inertia constant 0.685s
Pair of poles 3
SGSC L 0.001H
Ce 0.5Q2
R¢ 0.012F
DC link Cac 03F

4. Validation of the proposed control strategy

Simulations of the proposed control strategies for DFIG based
on a series grid side converter scheme are conducted by using
Matlab/Simulink. The test system is composed by the series-DFIG,
which is connected to the point of common coupling (PCC) by a
Y — A transformer. A load is also connected to the PCC. A 50 km -
Line connects the PCC to the 120 kV system, which is composed by a
step up transformer, a mutual impedance and a 120 kV controlled
voltage source. A grounding transformer is also connected to the
25KV section to avoid zero-sequence currents flowing in the grid.
The proposed system is illustrated in Fig. 9. The DFIG rated power
is 2 MVA. Its parameters are given in Table 1.

In the simulations, the unbalance level is represented by the
voltage unbalance factor (VUF). This index is calculated by the ratio
of the negative sequence voltage with to the positive sequence
voltage by [2]:

V_
VUF (%) = —.100 (34)
Vi
V. and V_ are the positive and negative sequence voltages, respec-
tively.

A VUF of 6% is imposed at the 120 kV controlled voltage source.
The aim of the DFIG negative sequence injection is to compensate
the voltage unbalance in the point of common coupling avoiding
also the unbalance effect at the load. The operational point of the
turbine for the first simulation is w;=0.93 p.u. and T;; =0.86 p.u.

Series Step-up Step-up Controlled
Transformer Transformer . Transformer Mutual Voltage Source
) | | : Inductance
M . " : PCC o PEPTRtes y .
: 2500 MVA
ST5VI25KY 25k1/120kV X0/X1=3 1206V
2.5MVA 477V4
= |4 Grounding
Transformer
Wind Farm
sasc 5 x 2MV4 DFIG

Fig. 9. Test power system configuration with DFIG.



204

V.P. Suppioni et al. / Electric Power Systems Research 133 (2016) 198-208

e
o -
T

oS
o0
T

I
<
T

S
=N
T

o
n
T

- :

N\ =

PCC Voltage (p.u.) - P.S.

1
'S

S

0.5 1

2 25 3 35 4
Time (s)

(a) Positive sequence

0.02 T T T

Z 001 F

=

u.)

-0.01 -
-0.02 -
-0.03 -

-0.04

PCC Voltage (p

L2 25 3 35 4
Time (s)

(b) Negative sequence

Fig. 10. PCC voltage (p.u.)—(a) positive sequence, (b) negative sequence.

Fig. 10 illustrates the PCC voltage with the unbalance control
disabled and enabled. The results are divided in 2 different periods
as following described:

e First period (from O to 2s). The negative sequence controls are
disabled.

e Second period (from 2 to 45s). RSC and SGSC negative sequence
controls enabled.

As seen in Fig. 10, in the first period, as the negative sequence
controls were disabled, the PCC present a VUF of 4%. This unbal-
ance was dramatically reduced to almost zero by means of the
negative sequence current injection. The d component of the dq0
frame is aligned with the stator voltage. Due to the impedance of

the 575V/25KkV step up transformer the PCC voltage is misaligned
with the stator voltage.

The load is affected by the voltage unbalance at the PCC, as
shown in Fig. 11. As the DFIG negative sequence current injec-
tion control compensates the unbalance at the PCC, the negative
sequence load current component is reduced. As the compensation
control is pretty effective, the load current unbalance is also almost
entirely eliminated, thus, avoiding any consequence of the voltage
unbalance at the load.

The stator current is responsible for compensating the voltage
unbalance at the PCC. Fig. 12 shows, until 2 s, the negative sequence
component of the stator current caused by the unbalanced volt-
age at the stator terminal. After that, the RSC negative sequence
control injects a negative sequence current in order to reduce the
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Fig. 11. Load current (p.u.)—(a) positive sequence, (b) negative sequence.
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unbalance at the PCC. In this case the negative sequence current
reached the values of 0.14 p.u. It is worth to mention that the line
impedance value used in the simulation associated to the source
VUF were defined to need a negative sequence current injection,
which required the entire converters power capability.

Fig. 13 illustrates the voltage at the stator terminals. In the first
period, VUF is exactly the same of the PCC. In the second period, the
SGSC control induces a series voltage, resulting in a stator voltage
that eliminates the oscillations in the electromagnetic torque, even
if the machine is injecting a negative sequence current from its
stator.

Fig. 14(a) presents the electromagnetic torque. In the first
period, the oscillations are caused by the unbalanced voltage at

the machine stator. In the second period the proposed negative
sequence control for the SGSC is shown effective and the oscilla-
tions at the frequency 2w is almost eliminated.

As seen in Fig. 14(b), the DFIG stator active power is 0.86 p.u
and its reactive power is almost zero. In the first period the SGSC
positive sequence control just exchanges the rotor power with the
grid. In this case the rotor absorbs 0.12 p.u. of active power from
the grid, which means that the total active power of the DFIG is
0.76 p.u. In the second period the SGSC also absorbs active power
for the negative sequence controls and its power reaches the limit
of 0.3 p.u.

The efficiency of the proposed control for different angles of the
injected negative sequence stator current is evaluated by varying
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the grid conditions. During simulations, the grid voltage unbalance
magnitude is kept constant, but its angle is varied from 0 to 360°,
considering steps of 20°. Fig. 15 illustrates the results.

According to Fig. 15, the control was effective for all different
angles of stator current. The SGSC control changes the stator nega-
tive sequence voltage according to the injected negative sequence
current avoiding the increase of the oscillation in the electromag-
netic torque.

5. Discussion

Compared to the previous studies with the series-DFIG scheme
[25-27], the main advantage of the proposed methodology is to use
the potential of this scheme not only to compensate the effects of
the voltage unbalance at the machine operation, but also to improve
the voltage unbalance level at the grid. In [25-27] the objective is to
keep the stator voltage balanced under grid unbalance voltages. In
order to compare the results, a simulation using only the negative
sequence control of the SGSC with the objective to apply a voltage
to compensate the grid unbalanced voltage at the machine stator
is run. In the simulation, the series-DFIG is at the same operation
point as the operation point used in the validation studies in this
paper.

Fig. 16(a) presents the voltage at the machine stator. As can be
seen, after the negative sequence control is enabled, the SGSC is
able to balance the voltage applied to the stator. After the voltage
at the stator is balanced, the torque oscillations are reduced, as can
be seen in Fig. 16(b). The balanced machine operation reduces the

negative sequence currents of the grid, however, it is not substan-
tial to improve the voltage unbalance at the PCC, as can be seen
in Fig. 16(c). The use of the methodology proposed in this paper,
however, is capable of eliminating the voltage unbalance, as can be
seen in Fig. 10.

6. Conclusion

In this paper, it has been proposed a control methodology for
the series-DFIG scheme for compensating the effects of voltage
unbalance at the machine and the voltage unbalance at the PCC.
As the results confirmed, the proposed methodology has succeed
inimproving the grid voltage unbalance without compromising the
machine operation.

Such task was possible due to the connection in series of the
grid side converter, which allows imposing a specific voltage at the
machine stator to compensate the effects of the negative sequence
current injected by the machine on torque oscillations. As a result,
the use of the DFIG scheme based in a series converter using the
proposed control methodology can improve the penetration of the
DFIG wind turbines in weak grids subjected to voltage unbalance,
avoiding the propagation of the unbalance to the loads connected
next to the PCC. Additionally, it is worth to highlight that other
works have already demonstrated that the series-DFIG operation
under grid faults have also presented good performance. As a con-
sequence, this configuration presents a high potential to comply
with more restrictive grid codes, requiring more support from the
wind farm to the grid operation.
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