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Control of a Four-Leg Converter for the Operation
ofaDFIG Feeding Stand-Alone Unbalanced Loads

Gonzalo Carrasco, César A. Silva, Member, IEEE, Rubén Peha, Member, IEEE, and
Roberto Cardenas, Senior Member, IEEE

Abstract—This paper presents a topology for a three-
-phase generation system for an isolated unbalanced load
fed by a doubly fed induction generator with a neutral wire
to include single-phase loads. The challenges of unbal-
anced loads connected to the system are presented along
with a proposal for mitigating current imbalance by employ-
ing a four-leg rectifier. The proposed compensation method
is based on the sequence decomposition analysis, and
thus, it is based on previous works that use current control
in double synchronous reference frames. Nevertheless, a
conceptual analysis is presented that vindicates the use of
resonant controllers in the stationary abc frame.

Index Terms—Converters, electric current control, micor-
grids, static VAR compensators, wind energy generation.

|. INTRODUCTION

N a stand-alone wind energy conversion system, a doubly

fed induction generator (DFIG) may directly feed into a
load, such as a small village. For these applications, the un-
balanced nature of the loads could be a problem for the DFIG,
mainly because both the load power and the torque at the ma-
chine shaft would be pulsating. This will also result in a current
derating of the machine to prevent localized winding heating
[1]-[3]. Several works have been presented in the last decade
aiming to mitigate unbalanced currents [2], [4]-[7]. Most of
these works apply to grid-connected DFIGs, where there is
a demand for fault ride through in the case of unbalanced
voltages sags. The problem is different in stand-alone systems
since the generator imposes the voltage, but the loads demand
unbalanced currents. Negative-sequence currents can be com-
pensated by the shunt-connected grid-side converter (GSC), as
proposed in [8]-[10]. In these works, only three-phase links
without a neutral connection are studied. For systems including
single-phase loads, a neutral wire must be provided for a phase-
to-neutral load connection; thus, the zero-sequence current of
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the load needs a low-impedance path to maintain the voltage
balance. This is presented in [11], where single-phase loads
are wired to the start-connected stator of a DFIG, resulting in
common mode current flowing through the stator.

This work is partially based on the preliminary work pre-
sented in [11], where negative-sequence currents are regulated
in the negative synchronous reference frame (SRF) to supply
the load demands, and the positive-sequence current is used
to regulate the dc-link voltage, and it is controlled in the
positive SRF. If a neutral wire is included, complete balance
is not achieved with this method due to common mode current.
Thus, localized heating may still be produced in the DFIG, and
therefore, one phase may limit the total current capability of
the system. Until recently, four-wire unbalanced stand-alone
systems fed by the DFIG have not received much attention. One
exception is the work in [12], where the use of a four-leg GSC is
proposed to provide a path for the load neutral current to avoid
voltage distortion at the load. Nevertheless, in [12], the full
advantage of this new degree of freedom is not exploited, since
the modulated voltage of the fourth leg is kept constant at half
the dc-link voltage. In the present work, a neutral connection
to the machine is provided in order to naturally achieve sinu-
soidal balanced voltages at the load, and the four-leg inverter is
used to balance the stator current of the generator by means of
the active modulation of the fourth leg in order to improve the
dc-link utilization.

Four-leg-converter modulation has been presented from the
space vector modulation and the carrier-based pulsewidth mod-
ulation point of view [13]-[16]. Finally, several methods for
sequence decomposition have been proposed using a phase-
locked loop (PLL) for grid synchronization under faulty condi-
tions [17]-[20]. Furthermore, sequence decomposition is also
necessary for current feedback when the control is done in a
double synchronous reference frame (DSRF) [8]-[11]. In this
paper, the authors postulate that the dynamic performance of
the current controllers is better if such sequence separation
algorithms are avoided in the feedback path. This leads to the
use of only resonant controllers at the natural abc coordinates
to naturally achieve positive-, negative-, and zero-sequence
control without sequence separation algorithms.

Il. STANDALONE DFIG WITH NEUTRAL CONNECTION

Single-phase loads require a neutral connection, i.e., a four-
wire system. On the other hand, zero-sequence currents are not
torque producing in a start-connected machine, but the presence
of an imbalance will limit the operation of the machine to the
condition where the largest magnitude of the phase currents
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Fig. 1.

Electric scheme of the generation system.

reaches the per-phase rating of the machine. This consideration
highlights the need for compensation of the whole imbalance,
including for zero-sequence current.

Recently, the need for zero-sequence compensation in a
DFIG has been addressed in [12], balancing the load voltages
by means of a four-leg GSC without neutral connection to the
machine. In this paper, it is considered better to have a neutral
connection between the machine and the load to naturally
balance the load voltage, even if the full capacity of the GSC
is reached. Therefore, the four-leg GSC acts as a shunt current
imbalance compensator, even for the zero sequence. The power
stage of the system is shown in Fig. 1, where the load, DFIG,
and GSC interconnection are shown. The variables used are
defined as follows:

Ird rotor current to be controlled;

Urd rotor voltage, actuation variable;
—(Ly/Ls)vsq  input disturbance to the plant in d;
(L /Ls7s)sq  input disturbance to the plant in d;

Ws1 0 Ly ipg input disturbance to the plant in d;
lrq rotor current to be controlled;

Urq rotor voltage, actuation variable;
Wy (Ly/Ls)sq input disturbance to the plant in g;
—(Lm/Ls)vsq  input disturbance to the plant in g;

—Wgs1 0 Ly g input disturbance to the plant in g;
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Fig. 2. Control scheme for the DFIG magnetizing current.
W mechanical speed of the shaft;
Wy electrical rotor speed (w, = wimp);
P number of pole pairs;
L., magnetizing inductance;
Lys leakage stator inductance;
Loy leakage rotor inductance;
L, stator inductance (Ls = Lys + Ly );
L, rotor inductance (L, = Ly + L );
o total leakage factor (0 = 1 — L2 /(LsL,)).

Finally, to achieve maximum utilization of the dc-link volt-
age of the GSC, a controlled zero-sequence voltage, as pro-
posed in [15], is actively modulated in the fourth leg of the
GSC. This maximizes the actuation capability on the zero-
sequence axis, as discussed in [14].

A. Vector Control of DFIG in Standalone

The current control of the DFIG changes the electrical
torque according to the shaft speed in order to balance the
power demanded by the loads with the power taken from the
mechanical system. Vector control is achieved by regulating
the rotor currents in a synchronous rotating frame orientated
with the stator flux, following the scheme presented in [21].
In stand-alone operations, stator voltage control is achieved
by regulating the magnetizing (i,4) component of the rotor
current. When the magnetizing current is controlled, the stator
voltage is sufficiently stable. Only stator resistance and stator
leakage inductance affect the regulation. Fig. 2 shows the
control diagram of the DFIG. For the indirect vector control
of the DFIG, the machine model is presented in the states’
variables, stator flux 1/_); and rotor current ZT, and equations
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are analyzed in the positive SRF. The orientation is with z/_);;
therefore, 154 = |15/, and 15, = 0. Thus,

du}sd

TSW + ql)sd =TsVsd + Lmird (1)

0= TsVUsq + Lmirq - wsTs'(/)sd (2)

dird . Lm Lm
Rar or 3, T =Urd — 77 Us T _ Ys
(T 7 +1 d) Vrd std-f-LsTswd
+ wslaLrirq (3)
dir . Lr Lm
Ro’r (Ta7' dtq + qu) = U?'q + Wy T:wsd - fsvsq
- wslULrird~ (4)

Equations (3) and (4) are used for the rotor current control; the
reference for 4,4 is taken from the flux linkage relation in the
g-axis (1sq = 0). Equation (2) is used to control the magnetiz-
ing current defined as ¥,q = Lgisq + Limirda = Lynim, withi,q
as the actuation variable.

B. Stator Negative- and Zero-Sequence Current
Compensation in DSRF

The negative-sequence current compensation described in
this section is based on what has been previously presented in
[11], and it is included here mainly for the sake of complete-
ness. Here, the problem of torque pulsations in the machine is
solved by regulating balanced currents in the stator and rotor
windings. The compensation method consists of the control of
the positive- and negative-sequence currents in a double SRF.
Nevertheless, this solution is not enough to balance the stator
currents in a four-wire connection; therefore, a fourth leg in the
converter and a resonant controller at fundamental frequency
must be added in the control scheme so as to allow regulation
of the zero-sequence current.

Having balanced stator currents indicates that GSC must sup-
ply the negative and zero sequences’ currents in the three-phase
loads. Current references for the negative and zero sequences
of the GSC need to be calculated from the load currents. This
scheme requires an explicit sequence decomposition in the
feedback path. Perfect sequence decomposition is not possible
during transient behavior, and thus, it inevitably adds a dynamic
characteristic to the measurements. The equivalence between
proportional—integral (PI) controllers in SRF and the cross-
coupled resonant controllers used to regulate one of the se-
quences in a stationary frame has been demonstrated in [22] and
[23]. Furthermore, resonant controllers in the o5 frame without
cross-coupling produce a symmetric frequency response to
positive and negative sequences and, thus, are almost ideal for
this application.

Furthermore, strictly speaking, the controllers in different
coordinates cannot be perfectly equivalent, since that would
require a perfect sequence decomposition to be used in DSRF
control. In a real implementation of DSRF control, there is a
filtering effect in the current feedback path due to the current
sequence decomposition stage. Therefore, the resonant version
must be better than the DSRF due to the elimination of the
sequence decomposition stage. In summary, the well-known
advantages of DSRF control are natural frequency adaptation
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Fig. 3. Proposed control strategy using resonant or multiresonant
controllers.

in variable frequency applications and independent dynamic
behavior that can be set for each sequence. On the other hand,
resonant controllers are simpler and more efficient in constant
frequency applications, and they are also better suited for
systems where the positive- and negative-sequence impedance
values are the same.

[Il. NEUTRAL CURRENT COMPENSATION
WITH RESONANT CONTROLLERS
IN abc COORDINATES

From the previous analysis, it follows that the current control
of the GSC could be implemented in 50 coordinates by means
of resonant controllers. Here, it is argued that it is simpler to
choose natural abc coordinates instead. In the power circuit
shown in Fig. 1, inductances are added to the GSC as coupling
filters. A neutral inductance is also shown (Lpy), but it is not
strictly necessary because the zero-sequence path has an equiv-
alent inductance of (L, + Ly, + L.)/3 from the abc filters. If
Lpy =0, each phase is linearly independent of the others,
i.e., the current in one phase does not produce disturbances in
the other phases. In other words, they are naturally decoupled
[see (5)—(7)]. Typically, abc to af transformation is applied
to three-wire systems where only two out of the three-phase
currents are linearly independent, so the Clarke transformation
orthogonalizes these two independent currents. This is not
the case in the four-wire system where currents are naturally
decoupled and, hence, are orthogonal.

The d and ¢ components of positive- and negative-sequence
currents and magnitude and relative phase shift of the zero-
sequence current add up six degrees of freedom to be con-
trolled. Thus, instead of controlling the six degrees of freedom
of GSC currents separated in symmetrical components, these
six degrees of freedom are controlled in the natural abc current
frame, i.e., controlling the three magnitudes of a, b, and ¢
fundamental GSC currents and their relative phase shift with
respect to the stator voltage.

The proposed GSC current control is shown in Fig. 3. The
advantage of using the same controllers in each phase is ev-
ident, since control tuning is performed for all phases at the
same time. Therefore, the control scheme in Fig. 3 results in an
easy implementation with control loops that are more intuitive
and explicit.
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Fig. 4.  One method to generate the current references for the resonant
controllers.

Although this scheme does not need sequence separation
for current feedback, this simple current control method still
requires a relatively complex current reference computation
algorithm. Indeed, current decomposition is necessary in order
to find the current references, but it is achieved with low-order
filters. Furthermore, this does not add dynamics to the current
feedback. With the aim of balancing the currents in the DFIG
stator, all of the negative and zero sequences, and ideally any
distortion, should be supplied by the GSC. Additionally, the
GSC should handle a fraction of the stator positive-sequence
current (i.e., active power) to achieve regulation of the dc-link
voltage [24]. The current references for the GSC are obtained
with the scheme shown in Fig. 4, where the positive-sequence
current of the load is filtered out. The positive-sequence current

references i, and il come, respectively, from the dc-link
Ra, R,

voltage controller and an arbitrary set point (usually zero).

With this scheme, it is possible to generate a proper reference
in steady state for the fundamental and harmonic frequencies
if the cutoff frequency of the high-pass filter is low enough.
In fact, this scheme has the advantage of performing well for
harmonic components, and thus, if the current controllers are
able to follow their references perfectly, the GSC acts both as
an active filter for harmonics and as a fundamental imbalance
compensator.

For each phase, the model that relates the current of the GSC
and its voltages, considering that the voltage at the secondary
side of the transformer is v, = vs/Nr, is given by

) diRa di
UgaN:RFa'ZRa'i_LFaT];_"URaf_LFf dlif (5)
. di di
VooN = Rpy - iry + Lpy—2 + VRbf — L, 1y (6)
dt dt
. diRe di
VgeN = Rpe - igpe + LFC% + VRcf — LFf % (7

Thus, with Ly = 0 and regarding v, as an input disturbance,
the per-phase transfer function of the plant to be controlled is

ZR(S) - 1
on(s) ®)

- Lps+ Rp’

The structure of a resonant controller can be easily under-
stood by recalling the internal model principle for feedback
control [25]. For the tracking of the fundamental reference,
complex conjugate poles in the imaginary axis are needed at the
same frequency of the reference, i.e., 50 Hz. Coupling between
phases, if they exist, has the same frequency, and therefore, no
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Fig. 5. Root locus of the closed-loop control.

extra poles in the controller are necessary. In continuous time,
the transfer function of the resonator is

2s

R(s) = —.
(5) 52 + wk

€))

As presented in [23], this term can be understood as a frequency
shift of the integrator in a PI controller on a positive SRF, and
discarding the coupling term, resulting in the same response
for the positive- and negative-sequence control. Therefore, the
proportional-resonant controller is

2s
C(s) =K Kr—— 10
(s) p+ KR 21 wg (10)
which, in discrete time, has the following structure:
KN KN1z' 4+ KN222
O(z) = BNOT T : (11)

1 —2z71cos(woTs) + 272

where T is the sampling time for the current control. This con-
troller gives three degrees of freedom: the real positioning of the
conjugate complex zeros, the imaginary conjugate positioning
of the complex zeros, and the proportional gain. In the case that
more harmonics are to be tracked or rejected as disturbances,
more resonances must be added, giving rise to a multiresonant
structure. Results shown in the next sections are obtained using
two resonances: at fundamental frequency and third harmonic
due to the effect of the saturation of the machine, i.e.,

_ KNO+KN1z '+ KN2z 24+ KN32z 3+ KN4z 4
N (1 =227t cos(woTs) + 272)
1
* (1 —2z"1cos(3woTs) + 272)

C(z)

12)

The adjustment of the current regulator was done by means
of zeros and gain manipulation in the root locus using
MATLAB’s SISO design tool (see Fig. 5). The design objective
is to obtain a response as fast as possible while maintaining
a relatively flat closed-loop Bode plot. The fast response is
associated with the absolute decay in gain at the highest fre-
quency possible. The flat response is desirable so as to prevent
resonances that could amplify noise, disturbances, or transient
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Bode Diagram

Magnitude [dB]
&

=15

-20 =
10° 10"
Frequency [Hz]

Fig. 6. Bode plot of the closed-loop control.
references. The Bode plot of the designed closed-loop response
associated to the root locus in Fig. 5 is shown in Fig. 6.

Since the DFIG’s fundamental voltage is expected to be
balanced and can be estimated, PLL is not strictly necessary
for the synchronization of the GSC; nevertheless, a PLL with
negative-sequence cancelation was implemented in order to
avoid potential phase distortion, which could be caused by
heavily unbalanced loads.

IV. SIMULATION RESULTS

The validation of the proposed control strategy is first done
by means of simulations using the same parameters of the
experimental setup. The most important parameters of the ex-
perimental setup are presented in Table I given in the Appendix.
It is important to note that the current loop control has a
sampling rate of T, = 0.5 ms, and the voltage control loop
works 20 times slower at T, = 10 ms. The PI voltage regulator
has a saturation of the current reference for the inner loops
fixed to 14 A. All digital filters (including controllers) have the
following structure:

H(s) = KNO+KN1z 4.4+ KNmz™
T I KDl '— ... —“KNnzn

(13)

where all the filter constants are listed in Table II in the
Appendix.

Several tests were performed to observe how currents change
under different conditions, always at subsynchronous speed,
with the rotor frequency set at w, = 0.8(2750) rad/s. In the
color version of this document, blue, green, red, and cyan
represent phases a, b, ¢, and neutral, respectively, and d and
q stator currents are depicted in blue and green, respectively.

With only the negative-sequence compensation implemented
in the reference calculations, ¢, is doubled with respect to the
balance condition, and the results are shown in Fig. 7. To make
the negative sequence of 7, evident if it exists, stator currents are
shown in the positive SRF. Thus, in the steady-state condition,
the positive sequence appears as dc signals, and the negative-
sequence current would appear as a 100-Hz ripple, as can be
seen from the first 0.05 s in Fig. 9 when the compensation is not
activated. The fact that there is not such double-fundamental
frequency when the negative-sequence compensation is acti-
vated in Figs. 7 and 8 shows good performance of the proposed
scheme. When the negative sequence of ¢, is regulated to zero,

(d) 2

i isq[A]

0.15 0.2

0 0.05 0.1
Time [s]

Fig. 7. Simulated load current imbalance with compensation of neg-
ative sequences. (a) Load currents. (b) GSC currents. (¢) DFIG stator
currents. (d) Positive SRF dq stator currents.

(d)

isd’ isq (Al

0.15 0.2

0 0.05 0.1
Time [s]

Fig. 8. Simulated load current imbalance with full compensation of
imbalance. (a) Load currents. (b) GSC currents. (c¢) DFIG stator currents.
(d) Positive SRF dg stator currents.
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in 1A

()

is,d 4 isq (Al

0.04 0.06 0.08 0.1

Time [s]

0 0.02

Fig. 9. Simulated turning negative and zero compensations on with
unbalanced load. (a) Load currents. (b) GSC currents. (c) DFIG stator
currents. (d) Positive SRF dgq stator currents.

there is still an imbalance condition due to the zero-sequence
current. Until now, the current in the fourth leg of the GSC
has been regulated to zero, i.e., as if it was not connected. This
corresponds to the best achievable result with a three-leg GSC
(as proposed in [11]) when feeding systems with single-phase
loads.

The GSC currents (i) show an increasing envelope after the
imbalance due to the slow dynamic of the voltage regulation
of the dc link, which is performed by the GSC. Consequently,
there is more demand of power from the DFIG when doubling
the a phase current; hence, at subsynchronous speed, there is an
increase in active power demanded by the rotor to the RSC. This
disturbs the dc-link voltage, and the GSC must demand more
power from the stator (i.e., more positive-sequence currents).

This outer control loop sets the reference z;gz for the inner
+

current loop as its actuation variable (see Fig. 4), and it is
responsible for the slow envelope of the positive-sequence cur-
rents, taking several fundamental periods to reach steady state.

Fig. 8 shows the results of the load imbalance when the
full compensation described in Fig. 4 is activated. In this
case, the GSC provides the zero-sequence current that the load
demands, and thus, the stator of the DFIG only delivers the
positive-sequence currents demanded by the load and the GSC.
In this result, it can be observed that the magnitude of the
larger current (phase a) is reduced. The current capacity of
the DFIG can be increased without causing local overheating
by distributing the load evenly among phases. In Fig. 8(c), the
fast regulation of the control system can be inferred: After the

(b)

in (A

(c)

<
sl
@ 2
<
g
32
Fig. 10. Experimental load current imbalance with compensation of

negative sequences. (a) Load currents. (b) GSC currents. (c) DFIG
stator currents. (d) Positive SRF dgq stator currents.

load imbalance, the stator currents are regulated to be balanced
in about one fundamental period, i.e., negative and zero stator
current sequences are regulated to zero.

The transient behavior of the resonant controllers is shown
in Fig. 9 where the compensations are activated under a steady-
state load imbalance. The GSC current references (black thin
lines in the figure) are quickly followed to balance the stator
currents in approximately one fundamental period. Thus, the
reference tracking performed by the resonant controllers can be
as fast as the PI controllers in DSRFs.

V. EXPERIMENTAL RESULTS

The proposed control strategy is tested in a laboratory pro-
totype, coded into an algorithm in C, and implemented in a
dSPACE platform (ds1103). The circuit and control schemes
in Figs. 1-3 make up the experimental setup. Fig. 1 shows a
transformer (three-phase variable autotransformer) between the
GSC and the stator of the DFIG, which is only necessary for the
laboratory experimental setup due to the unsuitable turn ratio of
the available DFIG. The low leakage inductance and negligible
magnetizing current of the transformer prevent an undesirable
effect on the system.

The control platform allows for the acquisition of data at
the control sampling rate (75,); thus, several graphics show
variables taken at this rate. To observe the currents with the
natural switching ripple of the two-level converters used as an
inverter and four-leg GSC, measurements of the GSC currents,
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Time [s]

Fig. 11.  Experimental load current imbalance with compensation of
negative and zero sequences. (a) Load currents. (b) GSC currents.
(c) DFIG stator currents. (d) Positive SRF dq stator currents. (e) Stator
voltages.

stator currents, and stator voltages were done with digital os-
cilloscopes (two Agilent DSO-X 3024A and a DSO-X 2024A).
After capturing the data at the sampling rate of 40 kHz with
the oscilloscopes, it was processed in MATLAB in order to
be displayed. Modulation of the four-leg GSC was done as
proposed in [15] at a carrier frequency of 2 kHz.

In Fig. 10, only the negative-sequence current compensa-
tion is enabled, and thus, the GSC is delivering the negative
sequence demanded by the loads. The load currents (i) and,
therefore, the stator currents of the DFIG have a third-harmonic
component. This is due to the fact that the rotor current control
regulates a sinusoidal magnetizing current, which produces a
slightly distorted flux in the DFIG because the machine core
operates near saturation. This distorted flux induces a distorted
voltage at the stator terminals. Hence, resistive loads will
demand a distorted current. The distortion in abc load currents
(ir) is not evident in Fig. 10, but as the third harmonic is
common mode, it is visible in the neutral current, even at a
balanced load condition.

The addition of a second resonance was implemented in
order to compensate for the third-harmonic currents in addition
to the fundamental. This means that a fourth-order multires-

0 0.02 0.04 0.06 0.08 0.1

0.08 0.1

Fig. 12. Experimental turning negative and zero compensations on
with unbalanced load currents. (a) Load currents. (b) GSC currents.
(c) DFIG stator currents. (d) Positive flux SRF dq stator currents.
(e) Stator voltages. (f) Rotor currents. (g) Torque. (h) DC-link voltage.

onant controller was adjusted for the plant (the constants are
given in Table II in the Appendix). By using this multiresonant
controller in each phase and with the reference calculation
scheme in Fig. 4, it is possible to prevent the circulation of
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Fig. 13. Experimental turning negative and zero compensations on with unbalanced load currents (the same case of Fig. 12). (a) Reference

current to the GSC in positive SRF after adding i§d+ and 4
harmonic current in the stator. This is experimentally done to
show that, with the right selection of the control structure, this
control scheme behaves both as an imbalance compensator and
as an active filter. In this case, it has a high gain at the two
relevant frequencies.

The result in Fig. 10 has not yet taken full advantage of
the capabilities of the fourth leg of the GSC since its cur-
rent has been controlled to zero. The experimental result in
Fig. 11 finally shows the effectiveness of the complete proposed
control scheme, where full compensation of the stator current
imbalance is obtained, and the negative and zero sequences
of the load are now delivered by the GSC, thus including a
strong third-harmonic distortion. It can be observed that the
zero-sequence current regulation takes less than a fundamental
period and that the negative-sequence stator current (as ripple
of 100 Hz in i, and 7/ ) is regulated to zero in about one
fundamental period.

After steady state is reached in Fig. 11, the neutral stator cur-
rent presents some distortion around zero. This is because the
GSC is operating near its border of the voltage capability (i.e.,
overmodulation). Therefore, voltage saturation takes place, and
perfect regulation is not possible. To avoid more significant
effects, antiwindup was implemented in all the controllers.

Figs. 10 and 11 validate the dynamic behavior obtained in
simulations shown in Figs. 7 and 8, respectively. In Fig. 12, the
transient behavior of the double-resonant controllers is shown,
validating the simulation result in Fig. 9. With a load imbalance,
the full compensation is activated at 0.05 s. It is worth men-
tioning that the unbalanced currents of the stator are eliminated
and that this imbalance is now in the GSC currents. Before the
activation of the compensation, the unbalanced stator currents
produce a small stator voltage (vs) unbalance, as expected. Sta-
tor voltage is set to 270 V;; by means of the stator d magnetizing
flux control, i.e., 220 Veak per phase, as well as it was done in
simulations. This small voltage imbalance is reduced when the
complete current imbalance is compensated for.

J}g . (b) GSC currents. (c) DC-link voltage.
at

Elimination of negative-sequence currents in the DFIG re-
duces the undesirable effect of torque pulsations. An estimation
of the torque pulsations is shown in Fig. 12, using expression
(14). The torque pulsations occur when pulsating active power
is demanded from the DFIG. An unbalanced load demands
pulsating power, and any compensation strategy that achieves
continuous active power delivered from the machine implies
constant torque. Therefore, if loads still need a pulsation com-
ponent of power, it must be supplied from the GSC. Conse-
quently, pulsations in the dc-link voltage are anticipated. Fig. 12
shows this double-fundamental frequency pulsation in the dc
link when torque pulsation is eliminated from the machine, i.e.,

3 L,

2 Ny (14)

Te = ( sdirq - Z-Toﬂ-sq)~

In Fig. 13, the behavior of the regulator of the dc-link
voltage for the same experiment shown in Fig. 12 is shown.
In Fig. 13(a), the reference current in the d-axis for the GSC
(blue) present the actuation effect of the regulator in its low
frequency (dc) component. The ¢ component (green) has a
mean value of zero (set point) and a pulsating component of
100 Hz that, along with the same frequency component in the
d current, represent the negative-sequence compensation. The
zero-sequence reference (red) is dominated by a component of
50 Hz from the imbalance and a component of 150 Hz of the
third harmonic disturbance from the machine.

In Fig. 14, another class of load imbalance is tested. At
near 0.05 s, an interruptor disconnects the load from phase
a in order to take the i, current to zero. Only phases b
and ¢ demand power from the system, and in steady state,
the stator current is balanced due to the compensation con-
trol. A high-frequency ripple in phase a appears because no
filter has been implemented at the stator side, and the two-
level voltage disturbance from the GSC and DFIG becomes
evident. In a practical implementation, a filter may be needed
to reduce the effect of the commutation of the converters in
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Fig. 14. Experimental load current imbalance disconnecting phase a.
(a) Load currents. (b) GSC currents. (c) DFIG stator currents. (d) Positive
flux SRF dq stator currents. (e) Stator voltages. (f) Rotor currents.
(g) Torque. (h) DC-link voltage.

case of phase disconnection. In steady state, stator and rotor
currents are sinusoidal, and torque has no ripple, although it
decreases because lower power is demanded from the wind
energy conversion system when one phase is disconnected. At

Fig. 15. Experimental load imbalance at variable speed. (a) Load
currents. (b) GSC currents. (c) DFIG stator currents. (d) Positive SRF
dq stator currents. (e) Stator voltages. (f) Rotor currents. (g) Torque and
rotor angular speed. (h) DC-link voltage.

subsynchronous speed, this reduction in power demanded from
the doubly fed induction machine decreases the rotor power
demanded from the RSC; thus, the dc-link voltage undergoes
a transient disturbance as can be seen in Fig. 14(h) in addition
to the expected double frequency ripple under load imbalance.



CARRASCO et al.. CONTROL OF A FOUR-LEG CONVERTER FOR THE OPERATION OF A DFIG

4639

Finally, Fig. 15 shows a test under variable rotor speed.
The compensation method is active at all times, and the load
is unbalanced when the rotor speed is near 157 rad/s, i.e.,
synchronous speed. It is observed that the stator voltage remains
nearly unaffected by the load change, and the stator currents
are kept balanced after it. Rotor currents decrease when the
rotor speed rises near synchronous speed even for a constant
power load. At synchronous speed, no power exchange exists
between the rotor and stator, and the rotor power consumption
is only for power losses. The electric torque is reduced in order
to keep the power constant as the speed increases; this continues
until the load is changed. When the load is unbalanced, the
GSC delivers the negative sequence to the load and is therefore
highly unbalanced. The rotor currents have low distortion at all
rotor speeds, and the dc link is kept near its set point of 120 V,
reaching its exact set point when steady state is reached.

VI. CONCLUSION

In this paper, the need for current imbalance compensation
in a DFIG for both reduction of torque pulsations and max-
imization of its current capability has been discussed. From
the analysis and from simulation and experimental results, it
is concluded that it is possible to reduce the torque pulsations
in four-wire systems with only minor changes to the strategies
previously proposed in the literature for three-wire systems.
The mitigation of uneven heating of the stator windings in
order to improve the total current capability of the generator
is achieved by adding a neutral current compensation.

Based on the symmetrical components theory, a series of
control strategies has been presented, ranging from SRF for
positive-sequence current regulation and DSRF for positive-
and negative-sequence current regulation to get to the use of
resonant controllers in stationary abc coordinates. The equiva-
lence of DSRF to resonant controllers in stationary frame, plus
the simple addition of neutral current control, leads to the con-
clusion that the more appropriate strategy is the utilization of
resonant controllers in abc coordinates. This leads to a natural
decoupling of the phases in a four-wire connection. Moreover,
the simplicity of implementation of resonant controllers in
the abc frame allows a straightforward increase in the order
of the controllers so as to compensate for additional current
harmonic distortion using a multiresonant scheme. On the other
hand, harmonic mitigation in a multiple SRF strategy would
require significantly more complexity. This discussion shows
that active filtering is the underlying general concept necessary
to achieve compensation for imbalances in an isolated grid.
Finally, from the empirical experience, it is concluded that an
adequate tuning of resonances and a high sampling rate, i.e.,
a sufficiently high switching frequency, are both necessary in
order to have good performance for active filtering. Otherwise,
it becomes difficult to adjust a stable closed-loop control that
includes all the desired resonances.

APPENDIX
SETUP PARAMETERS

See Tables I and II.

TABLE 1
CIRCUIT PARAMETERS
GSC and RSC DFIG
Rp 0.4[2] Ny 2.8
Lp 10[mH] p 2
L, O[mH] Vs 380 [VLr]
Rp 94[Q) Vi 134 [V, ]
Ly, 0 Py 4 [kW]
Ce-link 5400[p F'] cos¢p 0.8
Vde 120[V] isN 8.15 [A]
|ﬁs| 220[Vpcak] Lm 266.6 [mH]
Los 8.31 [mH]
Lor 8.31 [mH]
Rs 0.617 [Q2]
Ry 3.21 [Q]
TABLE 1I
FILTER PARAMETERS
Ts, (currents control) 0.5[ms]
Ts, (vge control) 10[ms]

PI for rotor current control
KNO
KN1

BW,,~60[Hz]
1.724994873741583
-1.567834262066876

PI for magnetizing current
KNO

BW,~1.4[Hz]
7.319648986340916

KNI -7.298924877042699
PI for dc-link voltage control BW_ . ~14[Hz]
KNO 0.292454265823508
KN1 -0.249551225027199
GSC current control
KNO 8.686301502299527
KN1 -32.309945562987338
KN2 46.372247160710749
KN3 -30.444264691229403
KN4 7.700454365447873
KD1 -3.757389729567015
KD2 5.520147021340216
KD3 -3.757389729567029
KD4 1.000000000000000
HPF for GSC references filtering  f, = 25[H 2]
KNO 0.962195245829104
KN1 -0.962195245829104
KD1 0.924390491658207
PLL PI controller (BW_;~15Hz)
KNO 1.386059485264308
KN1 -1.365268592985344
PLL notch filter fo = 100[Hz], BW = 25[Hz]
KNO 0.980399213259560
KN1 -1.864830120682292
KN2 0.980399213259560
KD1 1.864830120682292
KD2 -0.960798426519119
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