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Abstract - This paper proposes a low-voltage ride-
through (LVRT) capability for a doubly-fed induction
generator (DFIG) wind turbine (WT) system. With the
proposed method, series grid-side converter (SGSC) in
which its DC-side connected at the DC bus of the back-to-
back converters and its AC-side connected in series with
line through transformer have been applied, enables to
compensate a voltage response of the system during the
grid faults and to reduce the capital cost. A control
algorithm for SGSC consisting of both positive- sequence
component voltage controllers based on sliding mode
control (SMC) and negative - sequence component
voltage controllers based on proportional integral (PI)
control is performed in the dqg synchronous reference
frame. Also, to protect the DC capacitor from its
overvoltage, a braking chopper has been employed. The
simulation results for 2 MW-DFIG wind turbine system
with the voltage compensation at the grid faults are
presented, give as good performance as those without grid
faults.

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

[. INTRODUCTION

In recent years, renewable energy has been paid a
considerable attention, since the fossil fuels are being
exhausted and environmental issues have become more
seriously. Wind energy is considered as one of the most
important renewable energy sources, where the significant
penetration of wind power capacity may cause some
problems in the power system such as grid instability,
unbalance, and frequency variation [1]- [2].

A doubly fed induction generator (DFIG) is a common
subsystem for large variable speed wind turbines in which
the stator windings are directly connected to the grid and
the rotor windings are served as a power interface between
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the rotor windings and the grid through by back-to-back
pulse-width modulation (PWM) converter. The power
rating of the back-to-back converter is typically designed
as 30% of nominal rating of the wind turbine and mainly
depends on the speed operation range of the DFIG. Thus,
deep voltage sags and the stator flux cause a considerable
electrical stress on the rotor-side converter and thereby
increase mechanical stress on the gearbox as well [1 - 2].

The grid codes require a low-voltage ride-through
(LVRT) capability of the wind turbine system. For several
national grid codes, the wind power systems should stay
connected to the grid for the grid fault conditions, as
illustrated in Figure 1 [3].

To improve the fault handling capacity and protect the
DFIG converter from high rotor current during grid faults,
a crowbar is usually adopted to limit the high rotor
currents and rotor voltages [4]-[12]. In [11], the behavior
of DFIG and the low voltage ride through capability have
been investigated, when an active crowbar is connected
between the rotor side of the DFIG and the rotor-side
converter (RSC) by short-circuiting the rotor temporarily.
It was found that DFIG allows the reactive support to the
power grid during both the normal and grid fault
conditions, and this support is relatively larger when a
voltage controller is used and the wind generator operates
with the light load, instead of constant power factor
control of the DFIG. Also, a strategy of the coordinated
crowbar and braking chopper is suggested to reduce
undesirable fault effects by contributing to the grid voltage
control during the grid fault [12]. The crowbar technology
and the braking resistor do not fulfill the grid codes during
the duration of the activation of the braking resistor or the
crowbar. 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] — [20]. STATCOM, known as
shunt voltage compensation, is connected in parallel to the
line, while DVR, referred as series voltage compensation,
is connected in series with the line via the transformer.
However, STATCOM can not cope with deep voltage
fault since it is based on shunt compensation. Meanwhile,
DVR, a series compensator, would be much more effective
to restore voltage in strong grid utility. Nevertheless, the
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cost of the DVR is so high to solve this problem
practically.

In this paper, the application of a series grid-side
converter (SGSC) that is connected to a wind-turbine-
driven DFIG system to allow uninterruptible fault ride-
through capability of voltage dips fulfilling the grid code
requirements is investigated. With the proposed method,
DC-side of SGSC is connected to the DC bus of the back-
to-back converters, instead of using an additional diode
rectifier, while its AC-side is connected in series with line
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through transformer. Thus, this can reduce the capital cost,
instead of using an expensive DVR. Also, for SGSC
control, a positive- sequence component voltage
controllers based on sliding mode control (SMC) and
negative - sequence component voltage controllers based
on proportional integral (PI) control are performed in the
dg synchronous reference frame, from which the SGSC
can compensate the faulty line voltage well. Simulation
results for a 2 MW-DFIG wind turbine system are
provided, gives as good performance as those without grid
faults.
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Figure 1. National grid codes [3].

II. SYSTEM MODELING

A single-line schematic of the DFIG with SGSC is
shown in Figure 2. As can be seen 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 RSC. The RSC shares a DC bus with a
second converter connected in parallel with the grid and
DFIG stator, referred to as the grid-side converter (GSC).
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 line through transformer,
known as SGSC. Also, a braking chopper added to DC bus
is to keep the DC-link voltage at its rated value.

The modeling of the SGSC is briefly described in this
section, in which the components of the positive and
negative-sequence currents and voltages of the SGSC can
be expressed in synchronous d-q reference frame as
follows [16]-[17]:
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where Vaa ,ch ,Vcd , and ch are the dg-components of
+
the voltage across the filter capacitor of the SGSC. Vfd,
Vi Vg Vi, .
q, , and " "are the dg-components of the inverter
+ + - -
output voltage of the SGSC. s , Isq, Isd, and Isq are dq
+ + - -
components of the grid current. Ifd, Ifq, Ifd, and ! fa are

dg-components of the filter inductor current of the SGSC.
It is noted that the subscripts “+” and “-” denote the
positive and negative-sequence components, respectively.

From (1), a state-space modeling of the system written
in the positive sequence-components is derived as follows:
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Figure 2. DFIG wind turbine system with SGSC and braking chopper.
. PROPOSED CONTROL y=h(x) (6)

A. Compensation of voltage sag

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

V \" V

ca ga,presag  ‘ga
Voo |= ng, presag _ng “)
Vee Vgc, presag _Vgc
wWhere Vg, oresag + Vb, presag @10 Ve, presag @r€ the voltages

across the low-voltage side of the Y/A transformer before

the sag; Vg, Vg, and V. are the voltages after the sag.
B. Control of SGSC using sliding mode control

A multi-input multi-output (MIMO) nonlinear approach is
proposed for the purpose of eliminating the nonlinearity
in the modeled system [18]-[21]. A multi-input multiple-
output system can be considered as:

x=f(xX)+gu (5)
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where X is the state vector, u is the control input, y is the
output, f and g are the smooth vector fields, respectively,
and h is the smooth scalar function.

The nonlinear model of the SGSC in (3) is expressed in
(5) and (6) as:

T T T
x=[V Vg Ve N |u=[Ve Vi ]iv=[Ve Va] TO
generate an explicit relationship between the outputs

y,1,and the inputs y,_,,, each output is differentiated until

a control input appears.

Bﬂ{iﬂﬂ(x)%(x)ﬁj 7)

Then, the control law is given as

i el o
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Figure 3. Voltage control block diagram of SGSC

By using a sliding mode control theory, the equivalent
control input can be derived as the continuous control

input that $; =S, =0 vyields.

|:uleq:|_|:LfC[Vl+H11+ H12]i| (10)
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To drive the state variables to the sliding surface
S; =S, =0, inthecase of S; #0, Sy # 0, the control
laws are defined as

Uy = Ugeq + £4SigN(S;)
Up = Upeq + £S1GN(S5)

where >0, u>0.

(11)

The reaching law can be derived by substituting (11)
into (9), which gives.

$ =—msign(s;); S, =—wmsign(s;)  (12)
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In order to determine the stability and robustness,
Lyapunov’s functions which are presented in [21].

The block diagram of the proposed control is shown in
Figure 3, whereas the components of the positive-
sequence voltages in the dg-axis are separately controlled
by using the SMC. Meanwhile, the components of the
negative-sequence voltages in the dg-axis are regulated,
depending on the PI controller [17]. Then, the outputs of
the SMC control (u,, :vfg;) and the PI control (v;d;) are

transformed to the voltage references in three-phase abc
reference frame, applied for the space vector pulse-width
modulation (SVPWM) [22].

IV. 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.

Table 1. Parameters of wind turbine

Parameter Value
Rated power 2 MW
Blade radius 45 m
Air density 1.225 kg/m?®
Max. power conv. 0.4
coefficient
Cut-in speed 3m/s
Cut-out speed 25 m/s
Rated wind speed 16.5 m/s
Blade inertia 6.3x10°%kg.m?
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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.m2

Table 3. Parameters of SGSC

Parameter Value
Capacity 0.8 MW
DC-link capacitor 8200 pF

Inverter output filter

L=0.1 mH, C =1000 uF

Switching frequency 2.5 kHz

Series transformer

0.8 MW, 690 V/ 690 V

(a). Grid voltages (pu)

T
1.750

(b).DC-link voltage (pu)

(c). Stator currents (pu)

1.500 1.550 1.600 1.650 1.700 1750

Time (s)

Figure 4 shows the system performance for
unbalanced grid voltage fault without using SGSC
system, where the wind speed is assumed to be constant
(16.5 m/s) for easy investigation. The fault condition is
50% sag in phases A and B for 0.1 s which is between 1.6
sand 1.7 s. When there is the grid unbalanced voltage sag

(VgabC) as shown in Figure 4(a), the negative-sequence
component of the grid voltage exist. As can be seen from

Figure 4 (b), the DC-link voltage (Ve ) of the DFIG
converter without using SGSC reaches 2.9 pu, which can
destroy the DC capacitor and the switches of the

converter. Also, the stator and rotor currents (iabcs : iabcr)
are increased, as illustrated in Figure 4(c) to 4(d),

respectively. In this case, the generator speed (%), as
illustrated in Figure 4(e) accelerates to obtain the optimal
value for tracking the maximum power point. Similarly,

the generator torque (Tg )in Figure 4(f) is also oscillated
under the grid voltage fault.
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Figure 4. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu). (a) Grid voltages. (b) DC-
link voltage. (c) Stator power. (d) Rotor power. (e) Stator currents. (f) Rotor currents. (g). Generator speed. (h)
Generator torque.
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Figure 5. Performance of series volatge-source converter system for unbalanced voltage sag (in pu). (a) Grid
voltages. (b) SGSC output voltages. (c) Stator voltages. (d) g-axis positive voltages of SVSC. (e) d-axis positive voltages
of SGSC. (f) g-axis negative voltages of SGSC. (g) d-axis negative voltages of SGSC. (h) Compensated active and
reactive powers.

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

voltages (Vcabc) in Figure 5 (b) are injected by the SGSC

system. With the compensation, the stator voltages (Vabcs)
in Figure 5 (c) compensated, are kept at the rated value.

The dg-axis voltages (VC““') of the SGSC are shown from
Figure 5 (d) and (e), respectively. Aslo, the active and

reactive powers (':>C ,Qc) injected by the SGSC are shown
in Figure 5 (f). Without SGSC for voltage compensation,
the stator and rotor currents, and generator torque give
high oscillations, as seen in Figure 4(c), 4(d) and 4(f),
respectively. However, they are kept almost constant with
compensation.
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Figure 6 shows the performance of DFIG wind
turbine system under unbalanced voltage fault. It is clear
from Figure 6 that all quantities of the DFIG with the
proposed SGSC such as DC-link voltage, stator active and
reactive powers, stator and rotor currents, generator speed
and torque during grid faults have the same waveforms as
those without grid faults. On the other hand, the DFIG
still operates normally as if the grid fault occurs. Thus, the
proposed method obtains the better operation for the
DFIG wind turbine system during asymmetrical grid fault.
Also, the proposed method can satisfy with almost all
national grid codes. On the other hands, the wind power
systems still maintain connected to the grid under the grid
fault conditions, as shown in Figure 1.
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Figure 6. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu). (a) Grid voltages. (b) DC-
link voltage. (c) Stator active power. (d) Stator reactive power. (e) Stator current. (f) Rotor current. (g) Generator speed.

(h) Generator torque.

V. CONCLUSION

In this paper, the application of a SGSC connected
to a wind-turbine-driven DFIG to allow uninterruptible
fault ride through of grid voltage faults is introduced.
With the proposed method, the DC-side of the SGSC is
connected at the DC bus of the back-to-back converters
without using diode rectifier, and thus reduce the capital
cost. For SGSC control, positive- and negative-sequence
component voltage controllers which are respectively
based on SMC and PI control are performed in the dq
synchronous reference frame. Also, to prevent the DC
capacitor from its overvoltage, a braking chopper has
been employed. The simulation results for 2 MW-DFIG
wind turbine system with the voltage compensation at the
grid faults are presented, give as good performance as
those without grid faults.
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KHA NANG LUOT QUA PIEN AP THAP CUA HE
THONG TUA BIN GIO DFIG DUA VAO BQ BIEN
POI PHIA LUOGI NOI TIEP

Tom tat: Bai bao dé& xuat kha nang luét qua dién ap
thip (LVRT) cua hé thong tua bin gi6 dung DFIG. Véi
phuong phép duoc de xuat, phia DC cua bo Chuyen doi
phia ludi noi tlep (SGSC) duogc két ndi véi thanh cai DC
cua cac ho chuyen d6i back-to-back va phla AC cua no
duoc két ndi ndi tiép voi duong day qua may bién ap va
bo SGSC ¢6 kha ning bu dap tng dién &p cua hé thdng
trong thoi gian xay ra sy 6 luéi dién va giam chi phi von
dau tu. Thuat toan diéu khién cho SGSC bao gém ca bo
diéu khién dién &p thanh phan thu ty thuan dya trén diéu
khién ché do truot (SMC) va bo diéu khién dién ap thanh
phan tht ty nghich dwa trén diéu khlen tich phéan ty I& (PI)
duoc thuc hién trong hé quy chiéu dong bo dg. Ngoai ra,
dé bao vé tu dién DC khoi qua ap cua no, braking chopper
da duoc sir dung. Két qua mo phong cho hé thong tua bin
gi6 2 MW-DFIG c6 bu di¢n ap khi c6 su co ludi dign
dugc trinh bay, cho két qua van hanh tt, nhu trong
truong hop hé thdng khong cé su ¢d ludi.

Tir khéa - mdy phat khong ddng bd nguon kep, luot
qua dién ap thap, bd chuyén doi phia ludi ndi tiép, sut ap,
tua bin gid.
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