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Abstract—The amount of distributed energy resources (DERs)
has constantly increased worldwide. As the power ratings of DERs
have become considerably high, the grid code requirements are
necessary to secure reliable power generation and transmission for
the public electric network. In order to follow grid codes of the vari-
ous countries and optimize the function of grid-connected inverters
for DERs, a robust phase-locked loop (PLL) is essential for extract-
ing the grid phase information accurately, when the grid voltage is
polluted by harmonics and unbalanced. This paper proposes fault
ride-through techniques based on a low-pass notch (LPN)-PLL.
The LPN-PLL has not only fast and smooth transient responses to
a sudden transition of the grid voltage but also has robustness to
the distorted and unbalanced grid conditions. Therefore, the sta-
ble performance in the grid fault conditions is expected without
the system trip. Furthermore, a universal voltage sag generator
for the various grid codes with six parameters is proposed for
the verification of low voltage ride-through (LVRT) performance.
Experimental verifications are presented to show the LVRT perfor-
mance based on the LPN-PLL with a three-phase grid-connected
inverter (10 kV·A) and a prototype of the voltage sag generator
(10 kV·A).

Index Terms—Distributed energy resources (DER), fault ride-
through (FRT), grid codes, low-pass notch (LPN) filter, low voltage
ride-through (LVRT), phase-locked loop (PLL).

I. INTRODUCTION

D ISTRIBUTED generations based on renewable green en-
ergies are expected to increase at a surprising rate, and

simultaneously change the electric power generation paradigm
[1], [2]. Consequently, the increasing penetration of distributed
generations (DGs) to the power grid has introduced stability
problems [3] and reinforced existing concerns regarding their
influences on the grid stability among transmission system oper-
ators (TSOs) [4]. Before 2003, there were no requirements from
utility grids for LVRT or fault ride-through (FRT) performance
of wind turbine generator systems (WTGSs), however, in that
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year, E.ON-Netz of Germany was the first to implement those
needs into their grid code [5]–[7]. According to the guideline of
the grid code, WTGS needs to be on-grid and provide reactive
power into the grid. Only when the grid voltage drops below
the guideline of the grid code, WTGS is disconnected from
the grid [8], [9]. Also, FRT for photovoltaic (PV) plants was
mentioned in the German grid code from January 1st 2011; PV
plants have to be capable to participate in full dynamic network
support during grid faults: To stay connected to the network and
provide voltage support by injecting a reactive current into the
grid. Therefore, in order to fulfill these requirements for the grid
stability, the performance of DG systems must be improved to
meet the grid codes in each country.

To provide uninterrupted service in the face of grid distur-
bances, advanced methods for fast and accurate synchronization
of the grid voltage are required. In grid-connected applications,
the PLL is the first step to the any controller. Especially, in the
FRT condition, a robust PLL method is required to guarantee the
performance of controllers for the grid-connected inverters. The
synchronous reference frame (SRF)-PLL method has been used
most widely for the grid synchronization [10], [11]. Under the
ideal grid condition, the SRF-PLL with the high bandwidth feed-
back loop shows the fast and accurate PLL performance [12].
However, the SRF-PLL method is quite sensitive to the distorted
and unbalanced conditions [13]–[15]. Many researchers have
examined the ways of improving the conventional SRF-PLL
including double synchronous reference frame-PLL [16], [17],
SRF-PLL with a sinusoidal signal integrator-PLL [18], dou-
ble second-order generalized integrator (DSOGI)-PLL [19], and
decoupled double synchronous reference (DDSRF)-PLL [20].
decoupled double synchronous reference frame (DDSRF)-PLL
exploits two SRFs rotating at the fundamental grid frequency
to detect the positive- and negative-sequence components of the
grid voltage under the unbalanced grid faults. Similarly, double
second order generalized integrator (DSOGI)-PLL adopts the
instantaneous symmetrical component method on the αβ-axis
stationary reference frame. Although the aforementioned PLL
methods show the good performances, the implementation of
these algorithms is quite complicated and the dynamic response
is not fast due to the proportional-integral (PI)-based controller.
Besides, the PLL methods based on the principle of delayed
signal cancelation[21]–[23] have been proposed to detect and
eliminate any specified harmonic components. However, these
methods require multiple digital signal processors (DSPs) to
reduce the execution time of the algorithms.
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Unlike the SRF-based PLL algorithms, the PLL method using
the fast Fourier transform (FFT) concept (designated FFT-PLL)
does not require a PI controller [13], [15]. The FFT-PLL shows
the good PLL performance under harmonic-distorted condi-
tions. In addition, the gain tuning of PI controller is not re-
quired to adjust the dynamic performance. However, when the
phase jump of the grid voltage happens, it takes one period to
be locked completely to the new phase angle of the grid voltage.
During this transient time, faulty information on the phase angle
of the grid voltage deteriorates the quality of the power injected
into the grid at the point of common coupling (PCC), resulting
in unacceptable current distortion [24]. Therefore, research on
how to improve the performance of the PLLs for the polluted
and suddenly changing grid is a very important issue.

On the other hands, many studies have examined advanced
control schemes regarding the operation of the grid-connected
inverters under balanced or unbalanced grid fault conditions
[5], [25]–[28]. Most voltage sags caused by utility faults in-
clude positive-, negative-, and zero-sequence components [6].
For this reason, in order to support the grid voltage restoration
properly, the positive- and negative-sequence currents should
be considered in current control loops. In SRF, a vector current
controller with feedforward of negative-sequence grid voltage
(VCCF) was implemented in the positive-sequence reference
frame [29], [30]. With feedforward of negative-sequence volt-
age, only positive-sequence dq-axis currents flow into the grid
(i.e., negative-sequence currents cannot be controlled). There-
fore, in order to control the negative-sequence currents, a dual
vector current control (DVCC) algorithm was proposed [29],
[31]–[33]. The positive- and negative-sequence dq-axis currents
are controlled in individual SRFs. On the other hands, in station-
ary reference frame, the αβ-axis currents are controlled by the
current references with reflection of the positive- and negative-
sequence components [4]. While the control strategies for the
LVRT performance have been examined in many studies [4],
[6], [34], the LVRT strategy to increase the reliability for keep-
ing the connection to the faulty grid with consideration for the
PLL method has not been presented. Especially, in the SRF,
the phase angle from the PLL is used to transform the reference
frames. When the unbalanced voltage sags that lead to the phase
jump happen, the PLL generates a sudden change in the phase
angle. This makes an adverse effect on the current controllers.
For this reason, the PLL method should be considered for the
LVRT strategy. Also, at the final stage of development of the
grid-connected inverters, the voltage sag generator to evaluate
the LVRT performance is required.

In this paper, an adaptive LPN-PLL is adopted for the FRT
operation of the grid-connected inverter. The LPN-PLL has not
only fast and smooth transient responses to a sudden transition
of the grid voltage but also has robustness to the distorted and
unbalanced conditions. With this characteristic of LPN-PLL,
the stable performance in the grid fault conditions is guaranteed
without the system trip. For the proper response of the unbal-
anced FRT conditions and the improvement of the reliability, the
current controllers with the DVCC for the injection of positive-
and negative-sequence currents and the current reference limit
function are adopted. In addition, a universal voltage sag gener-

Fig. 1. Block diagram of the proposed PLL method. va (t) is the phase A
voltage of the three-phase grid voltage.

ator for the various grid codes with six parameters is proposed
for the verification of the LVRT performance. In order to simply
extract the parameters from the LVRT curves, the LVRT pro-
files are divided into three regions according to the pu level and
the elapsed time after voltage sags happen. With the developed
voltage sag generator based on the transformer type, the LVRT
strategy is performed for evaluating the various kinds of grid
codes with the simple control scheme and the low cost. Based
on the proposed PLL and experimental test bench, feasible FRT
operations are experimented and applicable to the field.

This paper is organized as follows. Section II explains the
LPN-PLL in detail when the grid voltage is polluted. In Section
III, the LVRT algorithm is presented. This method is based on the
DVCC and the over-current (OC) limit control. In Section IV,
a prototype of voltage sag generator is presented and discussed.
Section V is devoted to the FRT performance of the proposed
PLL and LVRT control strategy under grid codes. Section VI
provides the conclusions.

II. DESCRIPTION OF LPN-PLL

Fig. 1 shows a block diagram of the proposed LPN-PLL
configuration. The grid voltage va(t) including the harmonics
can be described using Fourier series as follows:

va(t) = Vm cos(ωt + α) +
∞∑

n=2

Vmn cos(nωt + αn )

+
∞∑

n=2

Vmn sin(nωt + αn )

= Vm cos(ωt + α) + Harmonics (1)

where Vm and Vmn are the magnitude of the fundamental and
the nth harmonics of the grid voltage, respectively, and α and
αn are the phases of the fundamental and the nth harmonics,
respectively. At the beginning of the PLL process, the precise
frequency of the grid voltage needs to be calculated to ob-
tain the cosine and sine reference signals. Therefore, an accu-
rate detection of the grid frequency is important, and this is
also involved in the adaptation to the frequency variation [35].
Several techniques to obtain the frequency based on the zero-
crossing detection (ZCD) [35], [36], PLL [37], Kalman filter
[10], and Fourier transform [11] are available. Among those
methods, ZCD method is adopted to generate the square wave-
forms of each phase. In order to obtain the accurate frequency of
grid voltage, the low-pass filter is applied to the measured grid
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voltage for removing the harmonics. Although a phase delay of
the grid voltage occurs, the frequency information is unaffected
by the phase delay.

The reference signals cos(ωt) and sin(ωt) are generated by
the grid frequency obtained from the frequency detector. The
following equations are derived by multiplying the grid voltage
with the reference signals:

vGridCos(t) = va(t) · cos(ωt)

= [Vm cos(ωt + α) + harmonics] · cos(ωt)

=
[
Vm cos(α) + Vm cos(2ωt + α)

2

]

+ harmonics · cos(ωt)

vGridSin(t) = va(t) · sin(ωt)

= [Vm cos(ωt + α) + harmonics] · sin(ωt)

=
[
Vm sin(α) + Vm sin(2ωt + α)

2

]

+ harmonics · sin(ωt). (2)

In order to remove 2ωt + α and harmonics terms of vGridCos(t)
and vGridSin(t), fourth-order LPN filters are adopted instead
of moving averaging functions [38]. From the remaining
Vm cos(α) and Vm sin(α), the instantaneous position of the grid
voltage is calculated at every sampling point as follows:

α = tan−1
(

Vm cos(α)
Vm sin(α)

)

θg = ωt + α. (3)

The calculated α is the phase difference between the grid voltage
(i.e., the phase of the grid voltage is ωt + α) and the reference
signals (i.e., the phase of the reference signals is ωt).

The transfer function of the fourth-order LPN filter can be
represented as a cascade realization form of the second-order
factors with a real-valued coefficient

HLPN(z) = HL (z) · HN (z)

=
(

bL0 + bL1z
−1 + bL2z

−2

1 + aL1z−1 + aL2z−2

)

·
(

bN 0 + bN 1z
−1 + bN 2z

−2

1 + aN 1z−1 + aN 2z−2

)
. (4)

The coefficients of the LPN filter are adaptively calculated ac-
cording to the grid frequency, and these are described in Table I,
where Ts is the sampling period, ω0 is the cutoff frequency, and
Q is the quality factor. To eliminate the second harmonics of
vGridCos(t) and vGridSin(t) in (2), the cutoff frequency of the
notch filter should be two times of the grid frequency. To remove
the remaining harmonics, the cutoff frequency ω0,lp of the low-
pass filter is adjustable. The lower the ω0,lp is, the slower the
transient response of the LPN-PLL is. For example, when the
ω0,lp is chosen to 60 Hz, a grid period Tg is required to obtain the
valid phase angle information from the grid voltage. In contrast,
when the ω0,lp is increased, the steady-state accuracy cannot be
guaranteed. Therefore, the ω0 of the LPN filter is set to 120 Hz.

TABLE I
COEFFICIENTS OF LPN FILTER

Coefficients Equations Coefficients Equations
for Low Pass for Notch

aL 1 −(8Q − 2A)/C aN 1 aL 1

aL 2 (A − B + 4Q)/C aN 2 aL 2

bL 0 A/C bN 0 (A + 4Q)/C

bL 1 2bL 0 bN 1 aL 1

bL 2 bL 0 bN 2 bN 0

where A = Q · T 2
s · ω 2

0 , B = 2 · Ts · ω0 , C = A + B + 4 · Q .

Fig. 2. Three-phase voltage source inverter connected to the grid.

Similarly, Q is also related to the transient response of the LPN
filter. The lower the Q is, the slower the transient response of
the LPN-PLL is. Q is selected as 0.625, which is a compromise
between Bessel (Q = 0.577) and Butterworth (Q = 0.707).

III. LVRT CONTROL STRATEGY

The DG systems have to be capable to participate in full dy-
namic network support during grid faults (i.e., to stay connected
to the network and provide voltage support by injecting a reac-
tive current into the grid). In this section, based on the phase
angle obtained from the LPN-PLL to support the stable perfor-
mance in voltage sags, the LVRT control strategy is accurately
described.

A. Current Reference Calculations

The LVRT performance should consider various types of volt-
age sags, including unbalanced conditions [39]–[41]. To follow
the LVRT requirements, the grid-connected inverter needs to in-
ject the active and required reactive currents composed of both
the positive- and negative-sequence components in unbalanced
voltage sags. Fig. 2 shows the three-phase voltage source in-
verter with the connection of the grid. In this paper, the dc-link
voltage of the voltage source inverter is assumed to be constant
under the LVRT operations, and supported by a dc source [4],
[42].

The apparent power delivered to the grid under unbalanced
conditions is expressed in the terms of the positive- and negative-
sequence components [29]

S =
(
ejωtv+

dq + e−jω tv−
dq

) (
ejωti+dq + e−jω t i−dq

)∗

= P + jQ. (5)
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Fig. 3. Specified control flow for the LVRT operation. (a) Stage 1 of the LVRT operation. (b) Stage 2. (c) Stage 3.

Also, the apparent power is divided into the active power P (t)
and the reactive power Q(t)

P (t) = P0 + Pc2 cos(2ωt) + Ps2 sin(2ωt) (6)

Q(t) = Q0 + Qc2 cos(2ωt) + Qs2 sin(2ωt) (7)

where

P0 = 1.5
(
v+

d i+d + v+
q i+q + v−

d i−d + v−
q i−q

)

Pc2 = 1.5
(
v+

d i−d + v+
q i−q + v−

d i+d + v−
q i+q

)

Ps2 = 1.5
(
v−

q i+d − v−
d i+q − v+

q i−d + v+
d i−q

)

Q0 = 1.5
(
v+

q i+d − v+
d i+q + v−

q i−d − v−
d i−q

)

Qc2 = 1.5
(
v+

q i−d − v+
d i−q + v−

q i+d − v−
d i+q

)

Qs2 = 1.5
(
v+

d i−d + v+
q i−q − v−

d i+d − v−
q i+q

)
.

Due to the unbalanced grid voltage, the active power fluctu-
ates, that is, 120 Hz ripple appears in 60 Hz power grid system.
These are the second and third terms in (6) (i.e., Pc2 cos(2ωt)
and Ps2 sin(2ωt)), and need to be controlled to zero to remove
the active power fluctuation. The reactive power fluctuation is
not considered. With these assumptions about the power fluctu-
ation, (6) and (7) can be modified to the matrix form as follows:

⎡

⎢⎢⎣

P0
Q0
Ps2
Pc2

⎤

⎥⎥⎦ =
3
2

⎡

⎢⎢⎣

v+
d v+

q v−
d v−

q

v+
q −v+

d v−
q −v−

d

v−
q −v−

d −v+
q v+

d

v−
d v−

q v+
d v+

q

⎤

⎥⎥⎦

⎡

⎢⎢⎣

i+d
i+q
i−d
i−q

⎤

⎥⎥⎦ . (8)

From (8), current references i+∗
d , i+∗

q , i−∗
d , and i−∗

q for positive-
and negative-sequence components can be obtained with the
power references P ∗ and Q∗ determined by the TSO or grid
codes. Ps2 and Pc2 are set to zero to remove the active power
fluctuation

⎡

⎢⎢⎣

i+∗
d

i+∗
q

i−∗
d

i−∗
q

⎤

⎥⎥⎦ =
2
3

⎡

⎢⎢⎢⎣

v+
d v+

q v−
d v−

q

v+
q −v+

d v−
q −v−

d

v−
q −v−

d −v+
q v+

d

v−
d v−

q v+
d v+

q

−1
⎤

⎥⎥⎥⎦

⎡

⎢⎢⎣

P ∗

Q∗

0
0

⎤

⎥⎥⎦

=
2P ∗

3X

⎡

⎢⎢⎣

v+
d

v+
q

−v−
d

−v−
q

⎤

⎥⎥⎦ +
2Q∗

3Y

⎡

⎢⎢⎣

v+
q

−v+
d

v−
q

−v−
d

⎤

⎥⎥⎦ (9)

where

X ≡
[(

(v+
d )2 + (v+

q )2) −
(
(v−

d )2 + (v−
q )2)]

(X �= 0 is assumed)

Y ≡
[(

(v+
d )2 + (v+

q )2) +
(
(v−

d )2 + (v−
q )2)]

(Y �= 0 is assumed).

Equation (9) means that negative-sequence current naturally
flows if grid voltage includes a negative-sequence component.
In other words, due to the unbalanced grid voltage, separated
current controllers are required to control positive- and negative-
sequence currents for the desired active and reactive power in-
jections.

B. Specification of LVRT Control Schemes

During the LVRT operation, the powers produced by dis-
tributed energy resource need to be reduced so that the grid-
connected inverter can utilize its capacity to perform its LVRT
function. For example, in WTGSs, blade pitch control, energy
storage devices, and active crowbars have been researched to
deal with the output power of the wind turbine during LVRT
situations [34], [43], [44]. The generator-side converter con-
trols the generator torque and pitch angles to run away from
the impact of voltage sags. The generator-side converter is also
controlled to balance the power flow of back-to-back (BTB) con-
verter by a feedforward controller. And then, the grid-connected
inverter supports the reactive power for the grid by calculating
new references for the current controllers. In this paper, the dc-
link voltage of the grid-connected inverter is supported by a dc
source. Therefore, the dc-link voltage is assumed to be constant
both in steady-state and under grid fault conditions, resulting in
decoupling between generator- and grid-side operations. Con-
sequently, only the grid-connected inverter is scrutinized. The
LVRT control scheme is based on the LPN-PLL, the DVCC, and
the peak current limitation for the fulfillment of LVRT require-
ments. The overall flow of the control strategy under the LVRT
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Fig. 4. Four different types of voltage sag generators. (a) Synchronous
generator-based, (b) shunt impedance-based, (c) transformer-based, and (d)
BTB converter-based voltage sag generators.

Fig. 5. Simplification of LVRT curve for extracting sag parameters.

operation is depicted in Fig. 3, and divided into three stages for
the clarity.

In stage 1, the sequence separation method (SSM) and the
detection of grid voltage level are the major process [29]. The
three-phase grid voltages vabc and currents iabc are transformed
into the positive- and negative-sequence SRFs with the phase
angle θg of the grid voltage extracted by the proposed LPN-
PLL. v+

dq and i+dq represent the dq-axis voltages and currents
in positive-sequence SRF. v−

dq and i−dq represent the dq-axis
voltages and currents in negative-sequence SRF. These are cal-
culated by the SSM presented in [29]. The detection of the grid
voltage level is performed by following equations

vab,mag =
√

v2
ab + v2

ab,90o

vbc,mag =
√

v2
bc + v2

bc,90o

vca,mag =
√

v2
ca + v2

ca,90o

vlv ,level = max[vab,mag, vbc,mag, vca,mag] (10)

where vab,90o , vbc,90o , and vca,90o are obtained from vab , vbc ,
and vca by a 90o phase shifting function (i.e., first-order all-pass
filter). As mentioned in the E.ON-Netz grid codes [5], the grid
voltage level is determined by the largest value among line-to-
line grid voltages at the PCC. Among the calculated magnitudes

TABLE II
PARAMETERS OF LVRT CURVES

Country Voltage (%) Time (ms)

lv1 lv2 lv3 lv1 , cnt lv2 , cnt lv3 , cnt

Ireland / Canada 15 90 90 625 3000 -
Italy 20 75 90 500 800 2000
Germany 0 70 90 150 750 1500
Denmark 25 75 75 150 750 -
Spain 20 80 95 500 1000 15000
User Setting 20 100 100 300 300 600

TABLE III
SPECIFICATIONS OF PROTOTYPE OF VOLTAGE SAG GENERATOR

Specifications Values

Rated Power 10 kV·A
Grid Voltage 380 V
Grid Frequency 60 Hz
Control Voltage 220 V
Voltage Variation Range 0–100 %
Voltage Variation Step ± 5 %
Response Time < 1 Cycle
Control System PLC -
Communication Interface RS232 -

of the line-to-line voltages, a maximum value vlv ,level is se-
lected to determine the pu level of the grid voltage.

In stage 2, the current references for the DVCC are calculated
not to exceed the OC limit of the grid-connected inverter. During
the normal operation, the power factor of the grid-connected
inverter is controlled to unity and the average reactive power is
controlled to zero. However, to meet the LVRT requirements of
the grid codes when the voltage sags happen, the reactive power
should be injected into the grid as follows:

0.0 ≤ pu ≤ 0.5

{
P ∗ = 0
Q∗ = Pmax

0.5 < pu ≤ 0.9

{
P ∗ =

√
P 2

max − Q∗2

Q∗ = 2(1 − pu)Pmax

0.9 < pu ≤ 1.0
{

P ∗ = Pmax
Q∗ = 0 . (11)

As shown in (11), the active and reactive power references P ∗

and Q∗ are determined according to the pu level of the grid
voltage. And then, the P ∗ and Q∗ are put into the calculation of
the current references as follows:

i+∗
d =

2
3

(
v+

d

X
P ∗ +

v+
q

Y
Q∗

)

i+∗
q =

2
3

(
v+

q

X
P ∗ − v+

d

Y
Q∗

)

i−∗
d =

2
3

(
−v−

d

X
P ∗ +

v−
q

Y
Q∗

)

i−∗
q =

2
3

(
−

v−
q

X
P ∗ − v−

d

Y
Q∗

)
. (12)
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TABLE IV
SPECIFICATIONS OF THE THREE-PHASE VOLTAGE SOURCE INVERTER

Specifications Values

Rated dc-Link Voltage 600 Vdc
Rated Current 37 A
Rated Power 10 kW
Grid Voltage 220/380 Vac
Frequency 60 Hz
Power Factor > 0.96 -
THD < 4.0 %
Over Load 110 %
Maximum Efficiency 95 %
Phase Current 34 A
Trans. Turn Ratio 170:380 -
Switching Frequency 7.2 kHz
Filter Inductance 3 mH

In addition, there is still one more step to obtain final current
references. These current references in (12) produce negative-
sequence currents to reduce the active power ripple and meet
the LVRT requirements. However, this control strategy may
lead to the excessively high peak current resulting in the output
filter saturation or the OC condition. Consequently, the grid-
connected inverter will trip from the grid and fail the LVRT
performance. Therefore, the scaled new current references are
required to prevent the system fail. The maximum value of the
current reference imax can be calculated as follows:

imax =
√(

i+∗
d

)2 +
(
i+∗
q

)2 +
(
i−∗
d

)2 +
(
i−∗
q

)2
. (13)

To limit the current references within the allowable range of
hardware specification, the scaling factor fscale is obtained as
follows:

fscale =

{
ilimit/imax (ilimit < imax)

1.0 (ilimit ≥ imax)
(14)

where ilimit is the maximum current allowed for the hardware
specification. Consequently, if the calculated current references
are higher than ilimit, the current references obtained from (12)
should be scaled down as follows:

i+∗
d,scaled = i+∗

d · fscale

i+∗
q ,scaled = i+∗

q · fscale

i−∗
d,scaled = i−∗

d · fscale

i−∗
q ,scaled = i−∗

q · fscale. (15)

In stage 3, the voltage references for the space-vector mod-
ulation (SVM) are generated through the DVCC. The dq-axis
currents in individual positive- and negative-sequence SRFs are
controlled by PI controllers and their outputs are added. Finally,
these are converted into switching signals by the SVM.

IV. IMPLEMENTATION OF TRANSFORMER-BASED VOLTAGE

SAG GENERATOR

To evaluate the LVRT performance of the grid-connected
inverter, a voltage sag generator is essential at the final stage of

Fig. 6. Layout of the experimental setup.

Fig. 7. Experimental results of LPN-PLL with the voltage sag, the harmonics,
and the phase jump. Grid voltage va , θIdeal−PLL , θLPN−PLL (in radians), and
αLPN−PLL (in radians) are measured.

development. There are four types of voltage sag generators as
shown in Fig. 4.

These are synchronous generator-based [45], shunt
impedance-based [46], [47], transformer-based [48]–[50], and
BTB converter-based [51]–[53] voltage sag generators. In the
case of the synchronous generator-based voltage sag genera-
tor, the cost of the hardware system is considerably high, and
only balanced voltage sags are generated. The shunt impedance-
based voltage sag generator can control balanced or unbalanced
voltage sags with the combination of the reactors and series-
connected bidirectional power switches. However, the rating
of fault currents through the path of the shunt impedances is
somewhat high. The BTB converter is a very powerful solu-
tion to generate most kinds of grid faults. However, the cost
of the BTB converter hardware is high, and the software for
the control algorithm is more complex than the other voltage
sag generators. Therefore, in this paper, the transformer-based
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Fig. 8. Experimental results for comparison between the conventional PLL
and the proposed PLL under unbalanced 75% voltage sag. (a) Conventional
PLL (SRF-PLL). (b) Proposed PLL (LPN-PLL).

voltage sag generator is adopted for the evaluation of the LVRT
performance, and this is controlled by the programmable logic
controller (PLC). With this solution, the prototype of the voltage
sag generator can generate various kinds of grid codes with the
simple control scheme and the low cost.

The prototype of 10 kV·A voltage sag generator is composed
of step transformers (20 EA for the one phase) and bidirectional
power switches (Triac or Thyristor). The single transformer
takes 5% of voltage sags or variations. Furthermore, the pro-
totype can generate the balanced or unbalanced voltage sags,
including voltage profiles according to the LVRT curves of the
grid codes. To simplify and extract the parameters from the
LVRT curves, the LVRT profiles are divided into three regions
according to the pu levels and the elapsed times after the grid
fault happens as shown in Fig. 5. The extracted parameters of
representative grid codes are summarized in Table II.

With these parameters, the PLC unit controls the bidirectional
power switches to generate the voltage sags. The user can put
the parameters arbitrarily or select the country through the con-
trol program, which is installed in the panel computer for the
prototype. The control program for the voltage sag generator
is designed with the microsoft foundation class and interfaced
with the PLC unit through the RS-232 communication. Specifi-
cations of the prototype of the voltage sag generator are shown
in Table III.

Fig. 9. Experimental results of the LVRT performance under balanced 60%
voltage sag (Type A). (a) Grid voltages. (b) Grid currents. (c) Grid voltage
and current in phase A. (d) Instantaneous active and reactive powers and their
references.

V. EXPERIMENTAL VERIFICATIONS

In this paper, the proposed LVRT techniques based on LPN-
PLL are evaluated by using an experimental setup controlled by
a Texas Instruments floating point DSP TMS320F28335. The
specifications of 10 kW three-phase voltage source inverter are
summarized in Table IV. Fig. 6 shows the laboratory environ-
ment for evaluating the grid-connected inverter with the voltage
sag generator. A 33 kW passive (RLC) load is connected in shunt
between the inverter and the grid. The voltage sag generator is
connected in series between the inverter and the grid. The pur-
pose is to assess the performance of the grid-connected inverter
during LVRT operation based on the phase angle obtained from
the LPN-PLL.

A. LVRT Performance Comparison With Different PLLs

The representative experimental result of LPN-PLL is de-
scribed in this section.
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Fig. 10. Experimental results of the LVRT performance under unbalanced
60% sag without DVCC (Type B, only the voltage sag in phase B happens). (a)
Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase B. (d)
Instantaneous active and reactive powers and their references.

1) normal grid voltage (Case A): va = vb = vc = 1.0 pu,
and θ = 0° (no phase jump);

2) grid voltage sag in phase A with harmonics and phase
jump (Case B) : va,1 = 0.5 pu, va,5 = 0.05 pu, vc,5 =
0.1 pu, and θ = 60°.

As shown in Fig. 7, in the case of severe conditions for
the LPN-PLL (i.e., the grid voltage is distorted seriously with
the voltage sag, the symmetrical harmonics, and the 60° phase
jump), the estimated phase angle θLPN−PLL follows the ideal
phase angle θIdeal−PLL within 0.5 Tg (8.33 ms).

In order to verify the improvement of the current transient
response by the LPN-PLL when the unbalanced voltage sags
happen, the SRF-PLL and the LPN-PLL were compared in the
same condition. As shown in Fig. 8, the variations of inverter
currents gradually reduced in all phases. The current transition
of the SRF-PLL is rougher and the peak value of the inverter
current is higher than the LPN-PLL. This result shows that
the possibility to be disconnected by the current fault can be
considerably reduced by only the change of the PLL method.
The proposed LPN-PLL is suitable to improve the reliability of
the FRT performance.

Fig. 11. Experimental results of the LVRT performance under unbalanced
60% sag with DVCC (Type B, only the voltage sag in phase B happens).
(a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase B.
(d) Instantaneous active and reactive powers and their references. (e) dq-axis
currents and their references of positive-sequence SRF. (f) dq-axis currents and
their references of negative-sequence SRF.

B. LVRT Performance Under Balanced and Unbalanced Sags

The voltage sags are generated by the prototype of the voltage
sag generator for the evaluation of the LVRT performance during
300 ms. In order to fully support the reactive power, Pmax in
(11) is chosen by the power ratings of the prototype of the grid-
connected inverter. The references of active and reactive powers
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Fig. 12. Experimental results of the LVRT performance under unbalanced
60% sag without DVCC (Type E, the voltage sags in phase B and C happen).
(a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase A. (d)
Instantaneous active and reactive powers and their references.

are calculated by (11) with the measured pu level to identify the
degree of the voltage sags, and the references of positive- and
negative-sequence dq-axis currents are calculated by (12) with
the calculated power references.

Experimental results of the three-phase balanced 60% voltage
sag (i.e., type A) are shown in Fig. 9. The grid voltages and
currents and the instantaneous active and reactive powers P
and Q with their references P ∗ and Q∗ are represented in the
experimental results. In this case, symmetrical and balanced
reactive currents are injected in the grid during the voltage sags.
Because the obtained pu level is below 0.5, only the reactive
power is injected into the grid. Also, there is no power ripple
during the LVRT operation.

Experimental results of the three-phase unbalanced 60% volt-
age sag for type B without the DVCC are shown in Fig. 10. Only
the grid voltage in phase B is reduced to 40% of the nominal
voltage. Because the detection of the pu level finds the maxi-
mum value of the line-to-line voltage, there are no variations
of the power references (i.e., P ∗ = Pmax, Q∗ = 0). Due to no

Fig. 13. Experimental results of the LVRT performance under unbalanced
60% sag with DVCC (Type E, the voltage sags in phase B and C happen).
(a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase A.
(d) Instantaneous active and reactive powers and their references. (e) dq-axis
currents and their references of positive-sequence SRF. (f) dq-axis currents and
their references of negative-sequence SRF.

activation of the DVCC, the power ripples appear in both the ac-
tive and reactive powers. However, the average values of active
and reactive powers are the same as the power references.

Experimental results of the three-phase unbalanced 60% volt-
age sag for type B with the DVCC are shown in Fig. 11. Com-
pared with no activation of the DVCC [see Fig. 10], it is noticed
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Fig. 14. Experimental results of the LVRT performance with the OC limit
control. (a) Grid voltages. (b) Grid voltage and current in phase A without the
OC limit control. (b) Grid voltage and current in phase A with the OC limit
control.

that the ripple of the active power is controlled to zero. For
the verification of the DVCC, the dq-axis current references in
positive- and negative-sequence SRFs are represented, and it is
shown that the individual currents are controlled with their ref-
erences. The average value of the reactive power is controlled
according to the LVRT requirements during voltage sags.

Experimental results of the three-phase unbalanced 60% volt-
age sag for type E without the DVCC are shown in Fig. 12. The
grid voltages in phases B and C are reduced to 40% of the nom-
inal voltages. Compared with type B, there is the decrease of
the pu level of the grid voltage, and the pu level is between 0.5
and 0.9. Therefore, the active power reference is reduced, and
reactive power is injected when the voltage sags happen. Also,

Fig. 15. Experimental results of the LVRT performance with German grid
code (a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase
A, and instantaneous active and reactive powers.

the power ripple exists in the active power due to no activation
of the DVCC.

Experimental results of the three-phase unbalanced 60% volt-
age sag for type E with the DVCC are shown in Fig. 13. Due
to the DVCC, the active power fluctuation is removed, and the
average value of the reactive power is the same as the reactive
power reference. The dq-axis currents and their references in
positive- and negative-sequence SRFs are represented.

C. LVRT Performance With OC Limit Control

Experimental results of the LVRT performance with the OC
limit control are shown in Fig. 14. Also, the voltage sags are
generated with the prototype of the voltage sag generator during
300 ms. The active power reference is set to 3 kW at the normal
operation and the OC limit is set to 17 A. When 70% balanced
voltage sag happens without the OC limit control, the peak
current is higher than the OC limit as shown in Fig. 14(b). This
leads to the system trip by the OC protection. Therefore, in order
to prevent this situation, the current references should be scaled
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Fig. 16. Experimental results of the LVRT performance with Danish grid
code. (a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase
A, and instantaneous active and reactive powers.

down. Fig. 14(c) shows that the peak current becomes lower
than the OC limit by scaling down the current references with
(14) and (15).

D. LVRT Performance With Various Grid Codes

The LVRT performances according to the various grid codes
are verified with the prototype of the voltage sag generator.
Among the grid codes, Germany, Denmark, and Canada are
selected for the evaluation. The sag timing parameters were set
up in the voltage sag generator with the parameters in Table II.

Fig. 15(a) shows the LVRT curve of Germany with the zero
voltage period during 150 ms. As shown in Fig. 15(b), even in
the zero voltage period, the grid currents are stably controlled
according to the grid code. The instantaneous active and reactive
powers injected into the grid is shown in Fig. 15(c). Fig. 16(a)
shows the LVRT curve of Denmark with the ten steps of the
LVRT from 0.25 to 0.75 pu because the voltage sags by the pro-
totype are generated with 5% step changes. The grid-connected
inverter shows good LVRT performances in Fig. 16(b) and (c).

Fig. 17. Experimental results of the LVRT performance with Canadian grid
code. (a) Grid voltages. (b) Grid currents. (c) Grid voltage and current in phase
A, and instantaneous active and reactive powers.

The LVRT performance under Canadian grid code is represented
in Fig. 17. During the voltage sags, the grid-connected inverter
supports the grid by injecting the reactive power. As soon as the
grid voltages recover to nominal voltages, the grid-connected
inverter injects only the active power into the grid.

VI. CONCLUSION

This paper presented FRT techniques for the grid-connected
inverter based on the LPN-PLL with adaptive disturbance elim-
ination properties. The LPN-PLL could robustly reject distur-
bances under voltage sags, unbalance, and harmonic distortion
regardless of the variations in the phase and frequency of the
grid voltage. The proposed synchronization method is based
on the FFT-PLL structure using the FFT concept unlike the
conventional SRF-PLL method, which requires a three-phase
voltage and the gain tuning of PI controller. In order to evalu-
ate the performance of the grid-connected inverter under grid
faults, the 10 kV·A transformer-based voltage sag generator was



2870 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 5, MAY 2015

implemented, which can generate various kinds of grid codes
with simple control scheme and low cost. The LVRT control
strategy was described in detail. The LVRT performances of the
LPN-PLL was verified by applying the detailed control schemes
in a 10 kW grid-connected inverter through experimental evalu-
ations for the various kinds of voltage sags and grid codes. The
LPN-PLL behaved appropriately under a range of grid volt-
age faults. Also, the LVRT operation with the DVCC and the
OC limit control showed excellent performances. Based on the
proposed method and experimental test bench, feasible FRT
operation is guaranteed and applicable to the field situation.
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