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Abstract— The high level of penetration forces the wind
turbines stay connected to the grid during the disturbances in
order to enhance system stability. Grid faults constitute the
main challenge for distributed generation, especially
permanent magnet synchronous generator-based wind
turbines connected to the grid via back-to-back (BTB)
converters. Requirements of grid codes for wind power
integration will also be discussed regarding active power
control, reactive power control and fault ride through (FRT)
capability. This paper presented solutions to accomplish LVRT
requirements during grid faults, including dc-link overvoltage
suppression by improving BTB converter’s controllers and the
design of active power limitation to maintain the peak current
of the grid side inverter in a safe range during different
asymmetrical grid faults. For the MPPT, a proportional
control loop is added to the torque control to reduce the
influence of the inertia moment in the wind turbines, which can
improve its dynamic performance. Furthermore, the grid side
active power oscillation and dc-link voltage ripple can be
suppressed by using the proposed controller. Simulation
results showed the validity and efficiently of the proposed
control approach in different conditions.

Index Terms— Low-voltage ride-through, grid faults, voltage
sag, active power control, peak current limitation, grid codes.

I. INTRODUCTION

In the recent years, the wind power generation has been
concerned as one of the most rapidly growing energy sources in the
world since the natural resources are becoming exhausted. In the
variable-speed wind turbine (WT) systems, a direct-drive wind
energy conversion system based on PMSGs has a lot of advantages
such as no gearbox, high precision, high power density, and simple
control method, except initial installation costs. As the scale of
wind farms becomes larger and larger, the condition of the grid-
connected wind turbines is more important. Recently, some
countries have issued the dedicated grid codes for connecting the
wind turbine system to the grid. Also, the smart-grid and the micro-
grid have been researched for the efficiency of the power
management. However, the grid voltage in these systems is more
fluctuated than that of the conventional grid. Therefore, an
advanced control of the wind power generation system is required
for the grid abnormal conditions. Several solutions have been
proposed for the grid faults in the variable-speed wind turbine
systems. For the low voltage ride-through (LVRT) purpose, a
crowbar system consisting an external resistor is connected in the
rotor-side of the doubly-fed induction generator (DFIG) to absorb
the active power during the grid fault. The wind turbine keeps
operating to produce the active power, whereas the reactive power
or the voltage at the grid connection is controlled by the GSC.
Nevertheless, during a grid fault and in the case of a weak grid, the

GSC cannot provide sufficient reactive power or voltage support
due to its small power capacity and there is a risk of voltage
instability. Also, to guarantee the uninterrupted operation of a
DFIG wind turbine during the grid faults, a static synchronous
compensator (STATCOM) which is installed at the point of
common coupling (PCC) has been used to inject the reactive power
to the grid. However, it is not used alone for the DFIG ride-through
capability since it cannot protect the rotor-side converter (RSC)
during a grid fault. On the other words, it should be used in addition
to the crowbar circuit which protects the RSC from the rotor over-
current when the grid fault happens. This paper proposes a new
control strategy for direct-driven MW-class high inertia PMSG
based wind turbine operating in different conditions. In this
structure, MPPT is implemented by GSC, and MSC controls dc-
link voltage. By using this structure, the active crowbar in dc-link
is eliminated. Also, the dual current controller is designed for
positive- and negative sequence components for GSC in order to
deal with the asymmetrical faults. As a new contribution to earlier
studies, this paper proposes a new upper limiter to keep the peak
of currents of all phases in the safety limit. In addition, it permits
the injection of the reactive current to the grid according to the
reactive current requirement of grid codes in symmetrical and
asymmetrical grid faults. In fact, by limiting the active power
(active current), both negative sequence current and reactive
current (according to grid code) can be injected to the grid. The
limiters of active and reactive power references of GSC are
calculated in the grid voltage sag conditions. Hence, The PMSG
keeps out from MPPT in voltage sags, and GSC can be operated as
STATCOM. In this situation, mechanical part of turbine-generator
acts as an energy storage system. Therefore, the speed of wind
turbine is increased (which is controlled by pitch angle in critical
speed). It is noteworthy here that this control strategy is compatible
with different grid codes. Moreover, the proposed structure has
good performances in different types of asymmetrical faults.
Furthermore, the grid side active power oscillation and dc-link
voltage ripple can be suppressed by using proposed controller.

11.SYSTEM MODELING

A back-to-back converter consists of two voltage source
converters(VSC) and a capacitor as shown in Fig.1. When
operating in generator mode, the generator side converter operates
as a rectifier and the grid side converter as an inverter. But as both
converters are identical, power flow can be bi-directional.

Generator-Side Grid-Side
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Fig:1. back to back converter
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But as the grid side is only considered in simulations, the
model of the whole back-to-back converter is not needed.
Consequently, the model of the grid side VVSC is sufficient to carry
out the simulations and is the only part considered in this section.
The model of the VSC is an average model as the system includes
a mechanical system making the time-frame of interest much
longer than the switching time of the converter. Therefore, there is
no need to have a switching model where the effect of switching
adds little significance to the result. Its logical scheme was
implemented as two sub-blocks, one for calculating the voltages
and one for the currents. The two switches on the same branch will
be commanded by a boolean signal (da, db, dc): a 1 value on the
input will turn on the upper switch and turn off the lower, a 0 value
will turn on the lower and turn off the upper one. In every instant
three switches, one per leg, will be on. The power converters,
which are identical on both the generator- and grid-side, and linked
through a dc-link, are classified as back-to-back (BTB) connected
converters. Different BTB converters which can be used in the
commercial WECS are summarized in Fig. 2. They perform a
conversion of variable voltage/frequency output of the generator to
dc, and then dc to ac, with fixed voltage/frequency for the grid
connection. The power flow is bidirectional, and thus the BTB
converters can be used with SCIG, PMSG and WRSG. The BTB
converters are classified as low voltage (< 1 kV) and medium
voltage (1— 35 kV) converters according to IEC 60038 standard.
The most standard voltages used by many commercial wind turbine
manufacturers for the LV grid connection are 690 V and 575 V.

Medium Voltage
Converters

Low Voltage
Converters

Current Source
Converters

Voltage Source
Converters

v
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L
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Fig:2. Classification of back-to-back connected converters.

The considered wind energy conversion consists of four
main parts: a wind turbine which extracts wind energy, PMSG
which converts mechanical power into electrical power, BTB
converter which transforms variable frequency signal to grid
frequency by desired options, and finally a grid model (see Fig. 3).
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Fig:3. Simplified scheme of considered wind energy conversion

system.

As shown in Fig. 3, the GSC is connected to the point of
common coupling (PCC) by grid filter and coupling transformer.
This project proposes a new control strategy for direct-driven MW-
class high inertia PMSG based wind turbine operating in different
conditions. In this structure, MPPT is implemented by GSC, and
MSC controls dc-link voltage. By using this structure, the active
crowbar in dc-link is eliminated. Also, the dual current controller
is designed for positive- and negative-sequence components for
GSC in order to deal with the asymmetrical faults. As a new
contribution to earlier studies, this project proposes a new upper
limiter to keep the peak of currents of all phases in the safety limit.

In addition, it permits the injection of the reactive current to the
grid according to the reactive current requirement of grid codes in
symmetrical and asymmetrical grid faults.

IV. SIMULATION RESULTS

To comparison the mentioned numerical examples with
real conditions, and also to show the good performances of
proposed method, several simulations were performed in
Matlab/Simulink software.
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Fig:4.(a) PCC voltage, (b) PCC voltage in the synchronous d-q
coordinates, (c) active power limitation (Plim), active power
reference (POref), applied active power reference (Pgrid ref), and
(d) reactive power reference in one phase voltage sag.
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Fig:5.(a) the d-q components of positive- and negative-sequences

of GSC current, (b) the voltage unbalance factor (m), (c) reactive

power reference factor (x), the reactive current to rated GSC

current ratio (Ig/Imax) and(«), and (d) dc-link voltage in one-
phase voltage sag.
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Fig:6.(a) Grid side current, (b) grid active power and grid reactive
power in one-phase voltage sag.

A one-phase to ground fault was applied to the PCC in 10
s. As shown in Fig. 4(a), the one-phase voltage sag occurred in
PCC. The PCC voltage was transferred to d-q components, and
then their positive- and negative-sequences were separated as
shown in Fig. 4(b). Fig. 4(c) shows the active power limitation
(Plim), active power reference (POref ), and applied active power
reference (Pgridref ) as MPPT controller input. In fact, the active
power reference will be limited in safety bound when voltage sag
occurs in the grid, and allowable active power reference (Pgridref
) is used as active power reference. Also, according, the reactive
power reference was calculated to implement reactive current
injection according to grid code (see Fig. 4(d)). Fig. 5(a) illustrates
the d-q components of positive- and negative-sequences of GSC
current by applying the active power limiter. Fig. 5(b) shows the
voltage unbalance factor equivalent to 0.3205 during voltage sag.
As shown in Fig. 5(c), reactive current injection satisfies the
requirement of reactive current in Danish grid code. According to
Fig. 5(c), the ratio of Ig+ to Imax is more than the value of reactive
current to rated GSC current ratio («), because o is calculated from
the value of positive sequence of grid voltage and there are not
negative sequences of current. However, the ratio of Iq+ to Imax
has negative sequence component of g-axis current. Finally, dc-
link voltage is shown in Fig. 5(d). Because of the implementation
of new control strategy, the dc-link voltage is limited in safety
range without any external devices. Since dc-link voltage is
controlled by MSC and a dual-current controller is used, the
amplitude of second-order harmonic fluctuations decreases. Fig.
6(a) shows the grid side current of the GSC. As shown, the peak of
each phase current is kept within the safety limit. This subject is
one of the main contributions of this work. As mentioned before,
to eliminate second-order component fluctuations of grid active
power, Pc2 and Ps2 were set to zero; therefore, the second-order
component fluctuations of grid active power is removed (see Fig.
6(b)). But, the fluctuations-of reactive power of grid are retained.
Hence, the reactive power oscillates with 100 Hz as shown in Fig.
6(b). It is important to note that the average of reactive power in
Fig. 6(b) is the same with the reactive power reference (QOref ) in
Fig. 4(d). Accordingly, reactive current injection is performed in
agreement with the Danish grid code.
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Fig:7.(a) PCC voltage, (b) PCC voltage in the synchronous d-q
coordinates, (c) active power limitation (Plim), active power
reference (POref), applied active power reference (Pgrid ref), and
(d) reactive power reference in two phase voltage sag.
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Fig:8.(a) the d-q components of positive- and negative-sequences
of GSC current, (b) the voltage unbalance factor (m), (c) reactive
power reference factor («) the reactive current to rated GSC current
ratio (Ig +-/Imax) and(a),, and (d) dc-link voltage in two-phase
voltage sag.

‘ l\“lll‘ ‘
‘ul\'\l‘l\l\ll ill\‘ll" ”-\'\' |.m||

u||n‘|\ """“I"H"ll"“' LA IH‘ “H'I

|I\ \'M‘nl' \Ill\I AN

Fig:9.(a) Grid side current, (b) grid active power and grid reactive
power in two-phase voltage sag.

According to this scenario, unbalanced two phase voltage
occurred in 10 s (see Fig. 7(2)). Fig. 7(b) shows PCC voltage in the
synchronous d-q reference frame. As earlier mentioned, the
important issue is limiting the generated PMSG active power in
grid side voltage sag. In this condition, the reference power does
not track MPPT; see Fig. 7(c). In fact, the voltage drops close to
50%; Hence, the active current must be reduced to zero and the
GSC should inject reactive current equal to rated current of GSC.
To generate the required reactive current, the reactive power
reference is obtained, according to Fig. 7(d). Owing to the positive
sequence of d-axis current, Id +, is associated with active power, it
attains a level of zero in this scenario. Also, the positive sequence
of g-axis current, g +, should reach maximum allowable value.
Due to the presence of negative sequence in unbalanced voltage
sags, negative sequence of current must be injected to remove
second-order active power fluctuations; see Fig. 8(a). Fig. 8(b)
shows voltage unbalance factor which is more than 40%. The
reactive current to rated GSC current ratio (« and Igf /Imax) and
the reactive power reference factor, x, are shown in Fig. 8(c). Due
to the deep voltage sag, according to grid code, a and Igf /Imax
should approach a value of 1. But in this situation, QO ref exceeded
the allowable value. Hence, the reactive power reference factor is
reduced to prevent over-current in GSC. However, the deep voltage
sag occurred in the grid side; but dc-link voltage remained in the
safety region without any external devices according to Fig. 8(d).
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By using the designed limiter, the peak of three phase currents is
kept in safety bound; see Fig. 9(a). On the other hand, the second-
order fluctuations of grid active power will be removed as shown
in Fig. 9(b). TheQgrid is similar toQO ref ; but it contains second-
order fluctuations due to the presence of negative sequence of
current and voltage (see Fig. 9(b)).
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Fig:10.(a) PCC voltage, (b) reactive power reference factor (x)
the reactive current to rated GSC current ratio (Ig/Imax) and(c),
(c) active power limitation (Plim), active power reference (PO
ref), applied active power reference (Pgrid ref), and (d) GSC
reactive power in symmetrical fault.
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Fig:11.(a) Grid side current, (b) the d-q components of positive-
and negative-sequences of GSC current, and (c) dc-link voltage in
symmetrical fault.

At the end, the symmetrical fault is simulated. According
to Fig. 10(a), symmetrical voltage sag occurred 10 s that the
voltage sag is more than 70%. As shown in Fig. 10(b), arising from
the absence of a negative sequence component, a is equivalent with
Igf+—/Imax, and they are one. Also, reactive power reference
factor « is one. When this fault occurs, Plim approaches zero.
Therefore, as shown in Fig. 10(c), Pgrid ref will be zero. Hence,
the capacity of GSC is released and maximum reactive current will
be injected to the grid. Fig. 11(a) shows the grid side current of
GSC. All of the phase currents were retained in the safe limit. Also,
Fig. 11(b) shows GSC current in the d-q reference frame. It is
shown that the all capacity of GSC is occupied by positive
sequence of reactive current in fault condition. The prevention of
dc-link overvoltage is the main advantage of the proposed method
as shown in Fig. 11(c).

V. CONCLUSION

This project has presented a new method to enhance
LVRT capability for PMSG-based wind turbine during grid faults.
The contributions of this work can be mentioned in two main
concepts: dc-link overvoltage suppression by improving BTB
converter controllers and design of active power limiter to maintain
the peak current of the grid side inverter in a safe limit during
different asymmetrical grid faults. The proposed BTB converter
controllers and dynamic active power limiter possessed the
following advantages: 1) there is no need to use external devices in
grid fault conditions; 2) All GSC phase currents were kept within
the safety limit in different grid fault conditions; 3) the negative
sequence of current can be injected to grid, and the second-order
active power fluctuation was removed in asymmetrical grid faults;
and 4) grid code requirement related to reactive current injection
was performed. The current limiter has been derived by an
analytical method by limiting the generated PMSG active power.
Three different scenarios have been analytically presented and
simulated to confirm the effectiveness of the proposed control
scheme.
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