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ABSTRACT

In this paper, the application of a series grid-side converter (SEGSC) connected to a
wind-turbine-driven doubly fed induction generator (DFIG) is introduced. The setup allows
the wind turbine system an uninterruptible fault ride-through of voltage dips. The SEGSC can
compensate the faulty line voltage, while the DFIG wind turbine can continue its nominal
operation as demanded in actual grid codes. The simulation results for the 2 MW-DFIG wind
turbine system with the SEGSC compensation are presented, especially for asymmetrical grid
faults, gives as good performance as those without grid faults.

Keywords: Doubly-fed induction generator, low-voltage ride-through, series compensation,
voltage sag, wind turbine.

1. INTRODUCTION

A doubly fed induction generator (DFIG) is a common subsystem for large variable speed
wind turbines that are connected to a and wherein, the stator windings are directly connected
to the point of common coupling (PCC) via a transmission transformer. The rotor windings
are controlled by a back-to-back converter that serves as a power interface between the rotor
windings and the PCC. The power rating of the back-to-back converter mainly depends on the
speed operation range of the DFIG, typically designed as 30% of nominal rating of the wind
turbine. Thus, severe voltage sags and the resulting stator flux place a significant electrical
stress on the machine-side converter and thereby increase mechanical stress on the gearbox as
well [1, 2].

During deep balanced voltage sags, high per-unit currents and shaft torque pulsations are
known to appear in the standard DFIG wind turbine architecture [3, 4]. In the literature, several
solutions have been proposed to improve ride-through capability of DFIG [5-11]. A series
braking resistance applied to the stator windings during a voltage sag has been shown to be
able to reduce torque and current spikes in the DFIG [5]. Either a silicon controlled rectifier
rotor crowbar circuit or a three-phase rectifier and adjustable resistive load have been
introduced to improve the rotor circuit, from which have demonstrated enhancement in the
DFIG ride-through capability [6-9]. However, as penetration of wind power into electric grid
gets larger, much more stringent grid codes are being set up [12]. According to the recent
regulations, wind turbines are not only required to stay connected to ride through the grid
faults, but also are required to inject reactive current for assisting the grid to recover to its rated
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voltage. The braking resistor and the crowbar technology do not fulfill the grid codes, as the
turbine cannot supply reactive power during the duration of the activation of the braking
resistor or the crowbar. In order to satisfy the grid codes, static synchronous compensator
(STATCOM) and dynamic voltage restorer (DVR) to enhance the ride-through capability of
wind turbines or wind farms [13-15]. STATCOM is connected in parallel to the line, referred
as shunt voltage compensation while DVR is connected in series with the line via the
transformer, referred as series voltage compensation. However, STATCOM is still challenging
to cope with severe voltage fault since it is based on shunt compensation. Compared with a
parallel reactive power/voltage compensator, a series compensator would be much more
effective in restoring voltage in strong grid utility, if steps are taken to minimize the power
capacity of the devices.

In this paper, the application of a SEGSC that is connected to a wind-turbine-driven DFIG
to allow uninterruptible fault ride-through of voltage dips fulfilling the grid code requirements
is investigated. The SEGSC can compensate the faulty line voltage, while the DFIG wind
turbine can continue its nominal operation as demanded in actual grid codes. Simulation results
for a 2 MW-DFIG wind turbine system are provided, especially for asymmetrical grid faults,
gives as good performance as those without grid faults.

2. SYSTEM MODELING

A single-line schematic of the DFIG with SEGSC is shown in Figure 1. As in a
conventional DFIG, the rotor windings of the machine are accessed via slip rings and
connected to a three-phase converter referred to as MSC. The MSC shares a dc bus with a
second converter connected in parallel with the grid and DFIG stator, referred to as the shunt
grid-side converter (SHGSC). The shared dc link enables power to flow between the rotor
circuit of the DFIG and the grid connection. The proposed topology includes an additional
converter connected in series with the stator windings of the DFIG, referred to as series GSC.
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Figure 1. DFIG wind turbine system with SEGSC.
The modeling of the SEGSC is briefly described in this section, in which the components

of the currents and voltages of the SEGSC can be expressed in synchronous d-q reference
frame as follows [15, 16]
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where L is the filter inductance, C, is the filter capacitance, V, ” is the dg-components
of the inverter output voltage of the SEGSC, Vv, ” is the dg-components of the voltage across
the filter capacitor of the SEGSC, 1, is the dq axis filter inductor currents of the SEGSC, 1,

is the dg- components of the grid current, and @, is the source angle frequency.

3. SEGSC CONTROL

3.1. Compensation of voltage sag

The reference of the compensation voltage across the series transformer injected by the
SEGSC can be expressed as:

*

\Y V \Y

comp,a ga,presag  Vga
Vcomp,b = ng, presag _ng (2)
Vcomp,c Vgc, presag _Vgc

WhEre Vi, bresag s Voo, presag @0 Ve presag @T€ the voltages across the low-voltage side of the

Y/A transformer before the sag; V,, Vg, and V. are the voltages after the sag.

3.2. Voltage control of SEGSC
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Figure 2. Voltage control block diagram of SEGSC.

A modified double vector control algorithm was presented in [17]. This algorithm is
implemented in the dq reference frame and consists of an inner current control loop and an
outer voltage control loop, respectively. However, it is noted that it is impossible to use
inductor current control of the SEGSC for the DFIG because the inductor current that flows
through the series transformer of the SEGSC is also the DFIG output current that is used to
regulate the DFIG output power. A conflict will appear if this series transformer current is
used to control the SEGSC output voltages.
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The proposed algorithm is implemented in the dq reference frame. In the case of
unbalanced dips, the d and g components in the controller are not dc quantities and thus using
only the proportional-integral (P1) controller is not proper. Thus, the voltage controllers based
on proportional-integral and resonant (PIR) control that are controlling directly the voltage
across the filter capacitors without inner current controllers are used here. The transfer function
of the PIR voltage controller is defined as

Gor (8) = K+ S (3)
S s°+(2w,)

Here K,, Kiand K are the proportional, integral and resonant gains of the controller,
in which K, and K; are calculated in terms of the filter parameters and the sampling time;

K, =C; /(10T,)and K; =K / (10T, )2 . T, is the sampling time, which is selected to be 10s [18].

Figure 3 describes the magnitude and phase characteristics of the open loop transfer
functions for both the P1 controller and the PIR one. Under the grid fault conditions, the voltage
of the SEGSC may contain the DC and second-order oscillation component [15]. Thus, the
proportional integral and resonant regulators are employed to eliminate the steady-state errors.
In this work, K., is selected to be 250 by using the trial and error method.
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Figure 3. Bode diagram of open-loop Pl and PIR controllers.

The block diagram of the voltage compensation controllers is shown in Figure 2, in which
the dg-axis components of the voltages are separately regulated by using PIR controller. Then,
the output of the control (v, ) is transformed to the voltage references in three-phase abc

reference frame (v, , ), employed for the space vector pulse-width modulation (SVPWM). The
SVPWM method for the voltage vector (v, ) are applied to produce the switching pulses,
which have been described in [29].

4. SIMULATION RESULTS
To verify the feasibility of the proposed method, PSCAD simulation has been carried out

for a 2 MW-DFIG wind turbine system. The parameters of the wind turbine, generator and
series grid-side converter are listed in Table 1, 2 and 3, respectively.
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Table 1. Parameters of wind turbine

Parameter Value
Rated power 2 MW
Blade radius 45m

Air density 1.225 kg/m?

Max. power conv. coefficient 0.4
Cut-in speed 3mls
Cut-out speed 25 m/s
Rated wind speed 16.5 m/s

Blade inertia 6.3x106 kg.m?

Table 2. Parameters of 2 MW- DFIG

Parameter Value
Rated power 2 MW
Grid voltage 690 V
Stator voltage/frequency 690 V/60 Hz
Stator resistance 0.00488 pu
Rotor resistance 0.00549 pu
Stator leakage inductance 0.0924 pu
Rotor leakage inductance 0.0995 pu
Generator inertia 200 kg.m?

Table 3. Parameters of SEGSC

Parameter Value
Capacity 0.8 MW
DC-link capacitor 8200 pF
Inverter output filter L=0.1 mH, C =1000 puF
Switching frequency 2.5 kHz
Series transformer 0.8 MW, 690 V/ 690 V

4.1. Symmetrical grid fault

Figure 4 shows the system performance for balanced grid voltage fault (symmetrical grid
fault) without using SEGSC system, where the wind speed is assumed to be constant (16.5 m/s)
for easy investigation. The fault condition is 50% sag in three phases for 0.1 s which is between
1.4 s and 1.5 s. When there is the grid balanced voltage sag (v, ) as shown in Figure 4(a),

the negative-sequence component of the grid voltage does not exist. As can be seen from
Figure 4 (b), the DC-link voltage (v, ) of the DFIG converter without using SEGSC reaches

1.2 pu, which can damage the dc capacitor and the converter switches. Also, the stator and
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rotor currents (i, ,i, ), as illustrated in Figure 4(c) to 4(d), respectively, are increased.

Especially, the rotor currents are twice higher than rated values (1pu). In this case, the
generator speed (», ) which are illustrated in Figure 4(e) accelerates to achieve the optimal value

for tracking the maximum power point. Similarly, the generator torque (T, ) in Figure 4(f) is also
decreased under the grid voltage fault.
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Figure 4. Performance of DFIG wind turbine system for balanced voltage sag (in pu).
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Figure 5. Performance of series grid-side converter system for balanced voltage sag (in pu).

Figure 5 shows the performance of SEGSC system under balanced grid voltage fault. Due
to balanced voltage sag, as shown in Figure 5(a), the compensation voltages (v, ) in Figure 5(b)

are injected by the SEGSC system. With the compensation, the stator voltages (v, ) in Figure
5(c) compensated, are kept at the rated value. The dg-axis voltages (v,,, ) of the SEGSC are seen
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from Figure 5(d) and (e), respectively. Aslo, the active and reactive powers (P, ,qQ, ) injected by

the SEGSC are shown in Figure 5(f). Without SEGSC for voltage compensation, the stator
and rotor currents, and torque give high ripples, as illustrated in Figure 4(c), 4(d) and 4(f),
respectively. However, they are kept almost constant with compensation.

Figure 6 shows the performance of DFIG wind turbine system in case of unbalanced
voltage fault. It is obvious from Figure 6 that all quantities of the DFIG with the proposed
SEGSC such as DC-link voltage, stator active and reactive powers, stator and rotor currents,
generator speed and torque at grid faults have the same waveforms as those without grid faults.
On the other hands, the DFIG still operates normally even though the grid fault occur. Thus,
the proposed method obtains the good operation for the DFIG wind turbine system during
symmetrical grid fault.
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Figure 6. Performance of DFIG wind turbine system for balanced voltage sag (in pu).
4.2. Asymmetrical grid fault

Figure 7 shows the system performance for unbalanced grid voltage fault (asymmetrical
grid fault) without using SEGSC system. The fault condition is 40% sag in both the grid
A-phase and C-phase voltages for 0.1 s which is between 1.4 s and 1.5 s. Since the fault type
is an unbalanced one, the negative-sequence components in dg-axis of the grid voltage appear.
Due to the grid unbalanced voltage sag (v, ) as illustrated in Figure 7(a), the DC-link voltage
(v,.) (see Figure 7 (b)) of the DFIG converter without compensation reaches 3 pu, which is

high enough to deteriorate the dc capacitor as well as the switches of the converter. In this
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case, the stator and rotor currents (i__, i) which are seen in Figure 7(c) and (d), respectively,

abcs ! Iabcr

are much increased. The stator current is higher than the rated value (1 pu) and the rotor current
reaches 2.6 pu. Also, the generator speed (e, ) in Figure 7(e) is increased and the generator

torque (1, ) in Figure 7(f) gives high oscillations.
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Figure 7. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu)

Figure 8 shows the performance of SEGSC system under unbalanced grid voltage fault.
When there is an unbalanced voltage sag in Figure 8(a), the SEGSC system injects the
compensated voltages (v, ) into the grid, as shown in Figure 8(b). Thus, the stator voltages

(v,..) in Figure 8(c) are kept at the rated value (1pu), as if it is in the normal grid condition. The
components of the dg-axis voltage (v, ) of the SEGSC system are produced, as shown in Figure
8(d) and (e). Without compensation, the ripples of the stator and rotor currents (i, ,i,,, ), and
generator torque (T, ), as illustrated from Figure 7(c) to 7(f), respectively are significantly

increased. However, they are kept almost constant with the compensation scheme based on
the SEGSC.

Figure 9 shows the performance of DFIG wind turbine system in case of unbalanced
voltage fault. With the proposed SEGSC under grid faults, the DC-link voltage, stator active
and reactive powers, stator and rotor currents, generator speed and torque can be kept the same
as those in the normal grid condition. This means that the DFIG can work well, as if it does
without the grid faults. Thus, the proposed method gives the good operation for the DFIG wind
turbine system during asymmetrical grid fault.
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Figure 8. Performance of series grid-side converter system for unbalanced voltage sag (in pu)
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Figure 9. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu).
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5. CONCLUSION

The application of a SEGSC connected to a wind-turbine-driven DFIG to allow
uninterruptible fault ride through of grid voltage faults is introduced. The SEGSC can
compensate the faulty line voltage, while the DFIG wind turbine can continue its hominal
operation. Simulation results for a 2 MW wind turbine under asymmetrical two-phase grid
fault and symmetrical three-phase fault show the effectiveness of the proposed technique.
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TOM TAT

_PIEU KHIEN BOI HOAN PIEN AP BE CAl THIEN KHA NANG
LUGT QUA PIEN AP THAP CUA TUA-BIN GIO DUNG MAY PHAT DFIG
TRONG TRUONG HOP SU' CO LUGI POI XUNG VA BAT DOI XUNG

Nguyén Thi Thanh Tric!, Van Tan Lugng®*, Phan Thi Chieu My?
YTrweong Pai hoc Cong nghiép Thuc pham TP.HCM

szrd'ng BPai hoc Vian Hién

*Email: luongvt@hufi.edu.vn

Bai bao gidi thiéu viéc ap dung bo bién déi ndi tiép phia ludi (SEGSC) dugc két ndi voi
tua-bin gié dung may phat khong dong b nguon kép (DFIG). Viée thiét 1ap mo hinh nay cho
phép hé théng tua-bin gi6 ludt qua sy cb ludi khi c6 sut ap sau. SEGSC c6 the boi hoan dién

4p cua

dudng day su ¢, trong khi tua-bin gié ding may phat DFIG c6 thé tiép tuc hoat dong

binh thuong theo quy luét lam viéc cua ludi thyc té. Cac két qua mo phong déi véi hé thong
tua-bin giéo 2 MW-DFIG c6 su dung bo bu SEGSC cho két qua van hanh tot nhu truong hop

khong

c6 su €6, dac biét ddi vai sy ¢b ludi khong ddi xung.

Tir khéa: May phat khong ddng bd ngudn kép, luét qua dién ap thap, bdi hoan ndi tiép, do
vong dién ap luéi, tua-bin gio.
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