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Abstract — This paper proposes a new control

technique to improve the fault-ride through capability of
doubly fed induction generators (DFIG). In such
generators the appearance of severe voltage sags at the
coupling point make rise to high over currents at the
rotor/stator windings, something that makes necessary to
protect the machine as well as the rotor side power
converter. As a difference with the most extended
solution, that reduces these currents by means of the
connection of a crowbar circuit, this works intends to
enhance the DFIGs response in such conditions without
introducing extra hardware in the system. To this end,
the proposed control system feedback the stator currents
as the rotor current reference during the fault, until they
are driven to their nominal values. The feasibility of this
proposal has been proven by means of mathematical and
simulation models, based on PSCAD/EMTDC, as well as
experimental results from a prototype of 6kW rated
power.

Keywords — Wind generation, Direct Power Control,
Field-oriented control, ride-through capability.

I. INTRODUCTION

The increasing capacity of the installed wind power
generation facilities, as well as the high scale penetration of
such systems in the next future, is a new challenge for the
transmission system operators (TSO). This new scenario
have made necessary to renew the existing grid codes (GC),
that now include specific requirements regarding the
operation of wind power generators and farms. Among these
new requirements, those that concern the capability of wind
power generators to remain connected to the grid, in case of
grid voltage sags, have gained a great importance.

This feature, known as fault ride-through (FRT) capability,
states the fault condition boundaries among the ones a wind
turbine (WT) should not get disconnected from the grid and
in some cases, as in the Spanish and German GC, give also
the operation pattern for the system under such conditions.

At the present time WTs based on DFIG (DFIG-WT),
controlled by means of back to back converters, constitute
the 50% of the installed WTs worldwide. In such systems
fulfilling the new FRT requirements is not a simple job, as
due to its connection topology, they are specially sensitive to
any voltage sag.

In a DFIG when the voltage at the stator windings drops a
sudden overcurrent appears in the stator that in turn, is
induced to the rotor windings. This current peak is able to
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damage the machine and the rotor side converter, and as a
consequence, the system must get protected.

Within this field several studies focused on improving the
FRT capability of DFIG-WTs have been presented in [1]-
[13]. Among the proposed solutions, those based on limiting
the overcurrents in the rotor converter by means of
connecting crowbar circuits during the fault have been
broadly used [14]-[16]. In Fig. 1 the block diagram of a
DFIG WT equipped with such circuit is shown.

However, this kind of solution implies the installation of
extra hardware in the system, something that finally
increases the costs and hinders its reliability, as the control
system should became more complex. Moreover, and despite
the fact that a crowbar is able to reduce the current peaks
under sag conditions, this device does not avoid the
disconnection of the rotor side converter after the fault is
detected.

In addition, the design of such protection is calculated
considering the present features of the wind power system so
any future change of its configuration would affect its
performance.

Other alternatives to crowbars, as the inclusion of static
keys between the stator and the electrical grid, presented by
Petterson [17], or the stator flux damping proposed by Néess
[18] have been also published. However all these techniques
require also the installation of extra active/passive elements
in the power system.

The aim of this paper is to propose a new control
technique for the rotor side converter that would permit to
guarantee the controlability of DFIG WTs during severe
voltage sags without adding extra hardware.
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Fig. 1. Operation of a grid connected DFIG-WT controlled by means of a
back to back power converter.
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IT. MODELING OF THE GENERATOR

This section will be devoted to the modeling of the DFIG.
The objective of this part will be focused on finding a simple
relationship between the state space variables that could
permit to predict the behavior of DFIG under fault
conditions. Later this analysis will constitute the basis for the
design of the control system for the rotor side converter.

A. Reference Frame System

In this paper the rotor side controller has been
implemented considering a field oriented control (FOC)
philosophy in the dq reference frame [19]. In this kind of
systems the dq axis are aligned with the stator flux, as it can
be noticed from Fig. 2. This reference frame, known as
synchronous reference frame (SRF), is useful in order to
reduce partially the complexity of the mathematical
equations that describe the system.

As it can be deducted from Fig. 2, and due to the low
leakage stator inductance, the stator voltage v, can be
considered to be 90° leaded with respect the statoric flux, and
hence almost completely aligned with the in-quadrature axis,
q, while the magnetizing current in the stator haves a single
component in the d-axis.

A\ B-stator axis
wS Stator flux
axis

Rotor
axis

Z_\e

O.-Stator axis
.

Stationary axis 7

Fig. 2. Vectorial diagram in the dg reference frame considering a field
oriented control philosophy.

B. Voltage and Magnetic Flux Equations
The voltage and magnetic flux of the stator in a fifth order
model can be written as:

s7%q

da
vy=Ri, + dtSd -wA

A
—_ D 5q
vsq - Rslsq + dt + ws/lsd’ (1)
//i'sd = Ls isd + Lm ird ’

ﬂsq =Li,+L,4i,-

In an analogous way the equations that describe the
dynamics of the voltage and magnetic flux at the rotor are:

rd

vrd = Rrird + - a)slip rq 2
. dﬂ’rq
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Where /, is the stator flux and A, is the rotor flux; L,, L,
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and L, are the stator, rotor and magnetizing inductances,
respectively; vy and i are the stator voltages and currents; v,
and I, are the rotor voltages and currents; R, and Ry are the
rotor and stator resistances; @, and @, are the synchronous

and rotating angular frequencies, respectively, @y, is the slip
frequency.

Considering that the system described by (1) and (2) is
linear, something that assumes that the magnetic circuit of
the DFIG is linear, and later applying the Laplace
transformation it is possible to obtain the following statoric
currents in the synchronous reference frame [20]:

(LSS + Rs )vsd + a)SLSqu

i
(25’ +2LRs+R + L)

2 ) , . )
(Ls*+Rs+&L)L,i,~RoL,i,
(Lis* +2L R s+ R+ L)
. _a)SLSVSd + (Lss + RS )vsq
lq =
Y (LS +2LRs+R + @] L)
) 5 5 , 4)
RoL,i,+(Ls*+Rs+a'L )L,

(s> +2LRs+ R + L)

The equations (3) and (4) can be simplified considering
that in a field oriented control system the stator flux is
aligned with the dq reference frame, and hence its quadrature
component is null. Besides, and assuming that the leakage
inductance value is low, the stator voltage vector can be
considered to be almost aligned with the in-quadrature axis.
In this manner the previous equations can be rewritten as:

1 10)
i =— s N 5
L s +2(R/L)s+a@ Y L ©)
1 s+R /L, L. ©
rq

T V2R L)s+ @ L

s

The equations (5) and (6) show how any variation in the
stator voltage introduce oscillations in the dg components of
the stator currents in the synchronous reference frame. The
frequency of such oscillation is equal to the grid frequency
and its damping is very poor, due to the low value of the
statoric resistance, Ry (generally around 0.005 p.u)

This phenomenon can be specially noticed during a
voltage sag. If the voltage sag is balanced the stator currents
in dg oscillate at w,;. However, if the sag is unbalanced the
negative sequence components that appear forces oscillations
equal to 2y in V44 and vy, that shall be added to the @, ones
that are generated by the positive sequence sudden change.

In the steady state the voltage in the stator windings, (7)
and (8), can be written as:

isd Vsq - ird s (7)
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p— RS Lm ;
lsq - Lfa)f Vsq - L qu : (8)
Analyzing (8), it can be concluded that the multiplicative
factor of the in-quadrature component of the stator’s voltage

s

tends to zero. Thus, and considering that R, < ’@’, this
equation can be reduced to:

=-ni, ©)

In equation (9), i, reveals the linear dependence between
the stator and rotor current components on the in-quadrature
axis.

On the other hand, the final value of iy in (7) depends
upon two terms. The first one, considering the steady state
conditions,  describes its  relationship  with  the
magnetization’s current, while the second depends on the
rotor’s direct current component.

C. Reliability of the Presented Model

In this section, the DFIG model presented in (5), (6), (7)
and (9) is validated through simulations carried out in
PSCAD/EMTDC. The simulation results, depicted in Fig. 3
and Fig. 4, show the response of the stator and rotor currents
in the dg axes when a balanced voltage sag at the PCC occurs
at t = 2 s and last after 200 ms. The first graph is devoted to
the stator currents performance, while the second one is
focused on the behavior of the rotor current. In the figures
the output of a classical fifth order model is also shown, in
order to prove the accuracy of the proposed model.

As it can be noticed in both cases these results permit to
conclude that the proposed simplified model describes the
DFIG’s behavior with a reasonable degree of accuracy.

The plots in Fig. 3 and Fig. 4 show the current peaks that
appear in the rotor and in the stator windings, when the fault
occurs, as well as when it is cleared. Although its magnitude
depends upon other parameters, the simulations show peaks
that exceed two times the rated current of the rotor side
converter, something that would damage seriously this
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Fig. 3. Transient response of the stator current with the proposed simplified
model in front of the traditional fifth order model, when a three phase balanced

fault is applied at t = 2.0 s and cleared after 200ms.
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device in a real facility.

III. CONTROL STRATEGIES FOR A DFIG-WT UNDER
FAULT CONDITIONS

This proposal intends also to design a control strategy for
reducing the currents in the stator/rotor windings when a
fault affects the generator. The philosophy of this control is
to feedback the measured stator currents as the set point for
the current controller of the rotor side converter when a
voltage dip occurs. In this manner the current control system
synthesizes rotor currents that generate currents waveforms
in the stator windings, with the same shape of the currents
generated during the sag but in counter-phase.

The objective of this strategy is to reduce the stator over-
currents, and, as a consequence, the rotor over-currents that
appear in the DFIG windings during the sag, by means of
adapting the control of the rotor side converter during this
kind of events and without using any external crowbar
circuit.

The dashed line of the control diagram of the rotor
converter, in Fig. 5, is responsible of controlling the DFIG
during the voltage sag, when the switch will be placed in
position 2. When this switch is triggered the external PQ
control loop gets disconnected, and the rotor currents set
point matches the measured values of the stator currents in
the dq reference frame, as it is indicated in (10) and (11)

JE .
Lag=1ly

(10)

qu = lsq

(11
Assuming that the current control of the converter is fast
and accurate, so that the currents of the rotor track the
references given in (10) and (11), then (5) and (6) results in
(12) and (13):
PErp— % v, (12)
L+ L, s +2(R /L) s+ @l T

s
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Fig. 4. Transient response of the rotor current with the proposed simplified
model in front of the traditional fifth order model, when a three phase
balanced fault is applied at t = 2.0 s and cleared after 200ms.
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Fig. 5. Layout of the proposed control system for the rotor side converter. The position of the switch is modified from ‘1’ to 2’ when the fault is detected,

enabling the proposed control strategy during the sag.
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IV. SIMULATION AND EXPERIMENTAL RESULTS

The performances of the discussed strategies have been
tested considering a three phase balanced voltage sag,
produced by a three phase short circuit in the distribution
grid. The voltage waveforms during the sag are depicted in
Fig. 8.

The performance of the rotor and stator currents when
both strategies are implemented can be compared thanks to
the simulation plots depicted in Fig. 9 and Fig. 10. The first
plot shows the response of the rotor currents during the sag,
while the second one in focused on the stator current
behavior.

As it can be noticed in Figures 9, 10 and 12, strategies
permit to reduce the currents in the generator’s windings
during the fault. However the proposed algorithm produces
minor oscillations in the current waveforms if compared with
the simulation response obtained with the zero power set
point strategy.
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Fig. 6. Transient response of the stator current using the proposal strategy
with the proposed simplified model in front of the traditional fifth order
model, when a three phase balanced fault is applied at t = 2.0 s and cleared
after 200ms.
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Fig. 7. Transient response of the rotor current using the proposal strategy
with the proposed simplified model in front of the traditional fifth order
model, when a three phase balanced fault is applied at ¢t = 2.0 s and cleared
after 200ms.
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Fig. 8. Voltage at the PCC during the balanced sag produced in t = 2s and
cleared after 200 ms.

— iR : Proposal strategy - iR : Power references equal to zero

300

1B L
[ —

200

(Ampere)

T
et
s
>

0.0 I I TR

1.95 2.00 215

Time (s)
Fig. 9. Rotor currents performance under balanced sag conditions.
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Fig. 10. Stator currents performance under balanced sag conditions.
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Fig. 11. Stator voltage (above) and currents (down) without implementation
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Fig. 12. Stator voltage (above) and currents (down) with implementation of

strategy.

In order to produce voltage sag at the point of coupling of
the generator, a squirrel cage induction machine (SCIM) was
directly connected to the stator windings. The high inrush
currents drained by the SCIM produce a voltage drop in the
grid, due to the impedance of the network, permitting thus to
evaluate the performance of the proposed strategy under such
conditions. In this case the depth of the voltage dip is 67%,
as shown in Fig. 13, producing the same effect on the stator
currents,

available in Fig. 14
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Fig. 14. Rotor voltage (above) and currents (down) with implementation of
strategy. 40V/div, 2A/div and 20ms/div.

V. CONCLUSION

In this paper the modeling of a DFIG, considering the
behavior of the generator when transients in the stator
voltage occur, was developed. Thanks to this model, that
permits to predict the performance of a DFIG under faulty
scenarios, a novel control strategy for the rotor side
controllers, oriented to enhance its response during severe
voltage sags, was proposed. This strategy is based on using
the measured stator current values as the setpoint for the
rotor current controller during the fault. As it has been
demonstrated, in this way, it is possible to synthesize a
current in the stator in opposition to the currents generated
during the fault, preventing thus the stator/rotor windings
from suffering overcurrents, with no need of using crowbar
circuits.

The analytical equations, the simulation models based on
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PSCAD/EMTDC and experimental results have shown that
the fluctuations in the stator and rotor currents, as well as in
the electromagnetic torque were reduced by the half, when
using the new proposed strategy in case of severe balanced
and unbalanced voltage sags at the PCC.

Therefore the results presented in this paper, show that it is
possible to control the stability of a DFIG during severe
contingencies in the power network, without the need of
external auxiliary circuits. This issue enables the rotor side
power converter to remain connected to the grid in faulty
scenarios, without getting damaged, something that, as a
difference with applications based on crowbar circuits,
permits to implement specific strategies in order to boost the
voltage at the PCC during the fault as the new GC demand.
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