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Abstract—Unbalanced grid voltage dips may lead to unbalanced
non-sinusoidal current injections, dc-link voltage oscillations, and
active and/or reactive power oscillations with twice the grid
fundamental frequency in three-phase grid-connected Photo-
voltaic (PV) systems. Double grid frequency oscillations at the dc-
link of the conventional two-stage PV inverters can further
deteriorate the dc-link capacitor, which is one of the most life-
limiting components in the system. Proper controls of these
converters may efficiently address this problem. In those solutions,
Current Reference Calculation (CRC) is one of the most important
issues that should be coped with for a reliable operation of grid-
connected converters under unbalanced grid faults. Accordingly,
this paper reviews the existing CRC methods and presents a
current reference generation method, which can have 16 unique
modes. Issues are also investigated in this paper that the two-stage
three-phase converter faces in each mode. The performance of the
CRC method is verified and compared to the prior-art methods by
simulations under unbalanced voltage dips.

Index Terms—power oscillation, Current limitation, Dc-link
voltage oscillation, Low-Voltage Ride-Through (LVRT),
Photovoltaic (PV) systems, Two-stage PV inverter;

I. INTRODUCTION

Power electronics is a key for the integration of renewable
energy systems [1-9]. With an increasing adoption of grid-
connected Photovoltaic (PV) systems, a strong emphasis is
placed on their dynamic behaviors and impacts on the public
grid [10-17]. Accordingly, most countries have revised their
grid codes to utilize this huge capacity to improve the grid
stability during grid faults [18, 19]. These new requirements
enforce distributed generation systems to remain connected to
the grid and inject reactive power to the grid under fault
incidents [20-24]. Up to now, a vast array of technical literature
has been presented on the performance of wind turbines under
grid faults [25, 26]. These issues are now gaining more
considerations in PV systems [27-32], as the power capacity of
an individual PV system is also increasing. Detection of voltage
sags, current limitation, current reference calculation, active
and reactive power oscillation, and dc-link voltage oscillation
are among the important issues. In addition, they are the key
issues to a proper operation of grid-connected PV converters
under faults [33]. Among them, the Current Reference
Calculation (CRC) plays the most impressive role to satisfy the
grid requirements, especially under unbalanced grid faults.
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Different CRC methods can be found in the literature. In
[34], the Instantaneous Active Reactive Control (IARC) has
been proposed. The IARC controls three-phase voltages and
does not use the Positive Sequence (PS) and Negative Sequence
(NS) voltages. Despite of good performance under balanced
faults, in case of unbalanced voltage sags, the IARC control
strategy leads to non-sinusoidal output currents with a high
Total Harmonic Distortion (THD). In [27], the Average Active-
Reactive Control (AARC) has then been proposed to mitigate
high order harmonics from the IARC method. However, if both
active and reactive current are injected, active power suffers
from oscillations of twice the fundamental frequency. Hence,
the Positive and Negative Sequence Compensation (PNSC) has
been introduced to inject sinusoidal PS and NS currents to the
grid [34]. However, in case of injecting both active and reactive
power, double the grid fundamental frequency oscillations
during unbalanced grid faults will appear. Furthermore, the
Balanced Positive Sequence Control (BPSC) method is
presented in [35] to inject a set of balanced and sinusoidal
currents with PS components. Unfortunately, the active and
reactive power also have oscillatory components. In [36], a
control scheme has been presented which injects both PS and
NS proportional to a certain adjustable parameter according to
the grid fault severity. As observed from the above, the prior-
art control methods suffer from either active power and dc-link
voltage oscillations or injection of non-sinusoidal currents into
the grid under unbalanced grid faults.

In this paper, the CRC issues are investigated for three-phase
grid-connected PV systems under grid faults. A general CRC
method is introduced which benefits from four parameters to
adjust the oscillation of the active and reactive power under
unbalanced faults. Each parameter can have two values, which
would lead to 16 unique operational modes. A benchmarking is
performed on the operation of these modes. Results are
compared to the prior-art CRC methods in terms of active and
reactive power oscillations, dc-link voltage oscillations, output
current THDs, and output current RMS values. The rest of this
paper is organized as following: in Section II, the steady state
operation of two stage grid-connected PV system is analyzed
for both normal and abnormal conditions. In Section III, a CRC
method for the investigated system is proposed and presented
in details. Finally, simulations verify the proposed CRC method
before the conclusion.



Il. PROBLEM FORMULATION

Fig. 1 shows the schematic of a three-phase two-stage grid-
connected PV system. The formulation is performed in the
Stationary Reference Frame (SRF) transformed from the three-
phase system as
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where v, v are the transformed voltages in the SRF on the a-

and f-axis, respectively, and v,, vy, v, are grid voltage vectors.
It can be written for current vectors as well. The apparent power
(S) can be written as

with vy and v, being transformed from the following
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in which g = e™/™/2 is the phase-shifting operator applied on
the time domain. i;ﬁ and i,z can be achieved similarly
following the transfer functions in (3) and (4). As seen in (2),
there are four terms in the apparent power, one of which can be
written as

vigits = (vi +jvp). (i +jif) = vt +vjif +
jgis —viig) )
The other three terms can also be achieved. Multiplication of
any two terms with the same sequence leads to a constant term
in active and reactive power. In contrast, the oscillating part of

active and reactive power is caused by the multiplication of any
two terms with inverse sequences as
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where P and Q are the total active and reactive power, Py, Q,,
P, and Q are the constant and oscillating parts in active and
reactive power, respectively. Under unbalanced faults, the NS
components will appear in three-phase voltages and currents.
Therefore, the active and/or reactive power may present
oscillatory components. This issue depends on the current
references that are generated by the control algorithm.
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Fig. 1. Three-phase two-stage transformerless grid-connected PV system.
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The goal of grid-connected PV systems is to inject all the dc
power generated by the PV panels to the grid. This is the reason
why Maximum Power Point Tracking (MPPT) methods are
employed in such systems. However, in case of grid faults, the
control should be modified. The capacitive dc-link in the
system operates as an interface. The dc-link capacitor receives
the dc power from the PV arrays and instantly injects all the dc
power to the ac system. In fact, the dc-link controller balances
the power that is delivered to the link and the power that the
link is injecting. As a consequence, in case that the active power
injected by the inverter is different than the power generated by
the PV panels, the dc-link voltage will not remain constant. It
means in case that the active power injected to the grid by the
inverter starts fluctuating, the dc-link voltage would also
oscillate with the same frequency (i.e., twice the grid
fundamental frequency). The oscillations in the dc-link voltage
(on the capacitor) has a serious impact on the reliable operation
of the capacitive dc-link, which is a weak point in two-stage PV
inverters [37-40].

[ll. CONTROL SCHEME
In this section, the proposed CRC method is explained and

the features for each mode are studied. Finally, the control block
diagram will be illustrated.

A. Proposed General CRC Method

For elimination of the active power oscillations, (7) must be
equal to zero. P and Q.5 are the average value of the active
and reactive power references. A general formulation for the
calculation of the sinusoidal currents to deliver a certain amount
of active and reactive power is proposed as

vg—va

lap = (v;2+v§2)+kap(v,;2+v§2)Pref (12)
iﬁP - (v";2+vl§2:fk_:,iv;2+v§2) Pref (13)
iaQ - (v;J_Z+UEJ.;J$:’::Q;(J;7(;J.Z+UEJ_Z) Qref (14)
iﬁQ - (U;LZ+”EJ_:)E:I;VQE(J'_’(;J.2+”ELZ) Qref (15)
o] =10 ']l (16)

where i,p and igp are the active currents in the SRF, iy, and
igq are the reactive currents in the SRF, v,, and vg, are the
orthogonal version of the SRF voltage vectors, kqp, Kgp, kag>
and kg, are the key parameters which can be either +1 or -1 to
adjust the active and reactive current references in the SRF
regarding grid requirements. As mentioned previously, the
purpose of this paper is to calculate the current references such
that the active power does not include oscillatory components.
Therefore, among these modes, only four modes have this
feature, which is provided in Table I.



TABLE L.
CONTROL MODES WITH NO ACTIVE POWER OSCILLATION.

Mode k.p kﬂp kaQ kﬁQ
Mode 1 +1 +1 +1 +1
Mode 2 -1 -1 -1 -1
Mode 3 +1 +1 -1 -1
Mode 4 -1 -1 +1 +1

B. Implementation of the Control Scheme

The control structure consists of two stages which can
operate independently due to the capacitive dc-link that
decouples these two stages. The first stage, which is a dc-dc
converter operates as a MPPT controller. The second stage is a
Full Bridge (FB) three-phase inverter which converts the dc
power to ac power. A Proportional Integral (PI) controller is
adopted for the dec-link to regulate the dc voltage. The output of
the PI controller determines the active power that should be
delivered into the gird, in order to adjust the dc-link voltage.
Two Proportional Resonant (PR) controllers are adopted for
controlling the injected currents in the SRF [41]. The reactive
reference Q™ is calculated based on the grid requirements, once
voltage sag is occurred.
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Fig. 2. Control block diagram of the two-stage three-phase grid-connected PV
system, where the proposed current reference calculation scheme can be
implemented in the “Current Reference Generator” block.

IV. BENCHMARKING (SIMULATION RESULTS)

A simulation testbed is designed in MATLAB/SIMULINK
platform to verify the performance of the proposed CRC for
each mode and also to compare with the prior-art CRC methods.
Table II shows the system parameters. This case study is an
unbalanced voltage sag fault case. In this scenario, the phase-b
and phase-c voltages V}, and V. fall to 0.5 per-unit at 1 = 0.2 s
and then recover to the nominal value at = 0.3 s. Fig. 3 shows
the profiles of the three-phase grid voltages for the case study.

A. Proposed CRC Method

Fig. 4 shows the injected currents at the moment of the fault
for the two-stage PV system with the proposed CRC method. It
is observed in Fig. 4 that because of the unbalanced fault, the
phase-b and phase-c currents are increased more than the other
phase. The Root Mean Square (RMS) value of the phase-c
current is equal to 5.85 A with the THD of 1.48% during the

fault in this case. Fig. 5(a) and (b) illustrate the dc-link voltage
and active power waveforms, which do not have significant
oscillatory components during the unbalanced fault. Fig. 5(c)
shows the injected reactive power, which has oscillations of
twice the grid fundamental frequency as expected based on the
discussion in Section III.

TABLE II.
POWER CONVERTER PARAMETERS OF THE THREE-PHASE GRID-CONNECTED
PV SYSTEM.
Parameters Value
Nominal Power 2000 W
Grid line-Line voltage (RMS) 380 V
Grid frequency 50 Hz
Boost input inductor 6.5 mH
Inverter side inductance of the LCL filter 6.5 mH
Grid side inductance of the LCL filter 0.65 mH
Capacitance of the LCL filter 2.2 pF
Switching frequency 16000 Hz
dc-link capacitor (two in series) 680 uF
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Fig. 3. Three-phase grid voltages for the two-stage grid-connected PV system.
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Fig. 4. Three-phase injected currents of the two-stage PV system under the
unbalanced fault using the proposed CRC method (Mode 1).
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Fig. 5. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the proposed CRC method (Mode 1): (a) the dc-link
voltage, (b) the injected active power, and (c) the injected reactive power.

Fig. 6 depicts the injected currents during the fault using the
proposed general CRC method (Mode 2). In this mode, the
RMS value of the phase-c current is equal to 5.79 A with the
THD of 1.36%. Fig. 7 depicts the dc-link voltage and active
power waveforms in which the DGF oscillation is lowered. In



addition, Fig. 8 depicts the injected three-phase currents using
mode 3 in which the phase-c current RMS value is equal to 5.8
A with the THD of 1.32%. Fig. 9 represents the dc-link voltage,
active power, and reactive power waveforms, which are the
same as in Mode 1 and 2. Furthermore, Fig. 10 illustrates the
three-phase injected currents using Mode 4. In this mode, the
phase-c current has the RMS value of 5.86 A with the THD of
1.43%. This mode produces the highest amplitude of the phase-
c current. As expected, the dc-link voltage, active power, and
reactive power waveforms are the same as in Mode 1, 2, and 3,
as depicted in Fig. 11. As can be seen, in all four modes, the
phase-c current is increased more than the other phases.
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Fig. 6. Three-phase injected currents of the two-stage PV system under the
unbalanced fault using the proposed CRC method (Mode 2).
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Fig. 7. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the proposed CRC method (Mode 2): (a) the dc-link
voltage, (b) the injected active power, and (c) the injected reactive power.
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Fig. 8. Three-phase injected currents of the two-stage PV system under the

unbalanced fault using the proposed CRC method (Mode 3).
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Fig. 9. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the proposed CRC method (Mode 3): (a) the dc-link

voltage, (b) the injected active power, and (c) the injected reactive power.
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Fig. 10. Three-phase injected currents of the two-stage PV system under the
unbalanced fault using the proposed CRC method (Mode 4).
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Fig. 11. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the proposed CRC method (Mode 4): (a) the de-link
voltage, (b) the injected active power, and (c) the injected reactive power.

B. PNSC Method

Fig. 12 represents the injected three-phase currents when the
PNSC method is employed. As shown, the phase-b current is
increased more than the other phases and its RMS value is equal
to 6.29 A with the THD value of 2.12%. The dc-link voltage
and the injected active power contain significant oscillatory
components using the PNSC as it is shown in Fig. 13(a) and (b),
which contrasts with the proposed CRC method as presented in
the above. Moreover, as depicted in Fig. 13(c), the injected
reactive power with the PNSC method also includes large
oscillations of twice the grid fundamental frequency.
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Fig. 12. Three-phase injected currents of the two-stage PV system under the
unbalanced fault using the PNSC method.
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Fig. 13. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the PNSC method: (a) the dc-link voltage, (b) the
injected active power, and (c) the injected reactive power.



C. AARC Method

Fig. 14 illustrates the injected three-phase currents when
using the AARC method. According to Fig. 14, the phase-a
current is increased more than the other phases and its RMS
value is equal to 5.46 A with the THD value of 1.59%.
Moreover, the dec-link voltage and the injected active power
contains large oscillatory components when the AARC is
adopted, as shown in Fig. 14(a) and (b), compared to the
proposed CRC method in different modes. However, as
depicted in Fig. 15(c), the injected reactive power has a constant
value without such significant double the grid fundamental
frequency oscillations.
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Fig. 14. Three-phase injected currents of the two-stage PV system under the

unbalanced fault using the AARC method.
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Fig. 15. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the AARC method: (a) the dc-link voltage, (b) the
injected active power, and (c) the injected reactive power.

D. BPSC Method

Fig. 16 depicts the injected three-phase currents with the
BPSC method. According to Fig. 16, all currents are increased
equally and they are balanced which is one of the features of
this method. The RMS value is equal to 4.83 A with the THD
value of 1.7%. Although the injected currents are balanced and
sinusoidal, active and reactive power and dc-link voltage suffer
from large oscillations as it can be observed in Fig. 17 in
contrast to the proposed method. The large oscillations has a

double the grid fundamental frequency.
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Fig. 16. Three-phase injected currents of the two-stage PV system under the

unbalanced fault using the BPSC method.

8

6-

lg(A)
o o

)
i

S

6

0.15 0.2 0.25 (b) 0.3 0.35 0.4
2000 T T T
=
<
0
o
2000 - . .
0.15 0.2 0.25 (© 0.3 0.35 0.4

Time {8}
Fig. 17. Performance of the three-phase grid-connected PV system under the
unbalanced grid fault using the BPSC method: (a) the dc-link voltage, (b) the
injected active power, and (c) the injected reactive power.
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Fig. 18. RMS value (A) of the highest injected phase-current for all the CRC
methods under the unbalanced fault. Among four modes of proposed CRC
method, Mode 4 and Mode 2 produce the highest and lowest RMS values,
respectively.
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Fig. 19. THD value (%) of the highest injected phase-current for all the CRC
methods under the unbalanced fault. Mode 2 and Mode 3 of the proposed
general CRC method have the lowest THD value, while the PNSC has the
highest. All modes of the proposed general CRC method give lower THD
values compared to the prior-art solutions.

THD Value

E. Benchmarking of the CRC Methods

As depicted in Fig. 18, among the four modes of the proposed
CRC method, Mode 4 produces the highest RMS value of the
phase-c current whereas Mode 2 produces the lowest one.
Totally, the PNSC generates the highest RMS value with the
worst THD, as it is compared in Fig. 19. Only the BPSC method
can inject balanced sinusoidal three-phase currents with the
lowest RMS value, which can be observed in Fig. 18. The
reason is that all three-phase currents are increased equally.
However, the active and reactive power and dc-link voltage
suffer from large DGF oscillations in this method, as it has been
presented in Fig. 17.

Furthermore, Table III summarizes the performance of each
CRC method during the unbalanced grid fault. It can be seen in
Table III that the AARC has the second lowest RMS value.



However, the dc-link voltage and injected active power have
large oscillations of twice the grid fundamental frequency with
a high peak-peak value, which is totally in contrast to the
proposed CRC method. In addition, the PNSC method has the
lowest active power oscillations among the other methods.
However, it cannot eliminate the double grid fundamental
frequency oscillations in the active power and the dc-link
voltage, as it is also evidenced in Fig. 13. Among all these
methods, only the proposed CRC method has almost fully
eliminated the oscillations of twice the grid-fundamental
frequency in the active power and dc-link voltage. Moreover,
these four modes of the proposed CRC method can inject three-
phase currents with the lowest THD, as it can be observed in
Fig. 19 and Table III.

TABLE III.
THD AND RMS VALUES OF HIGHEST INJECTED PHASE-CURRENT OF THE
TWO-STAGE GRID-CONNECTED PV SYSTEM UNDER THE UNBALANCED GRID
FAULT WITH DIFFERENT CRC METHODS.

CRC RMS THD Active power Reactive

Method Value (A) Value % and dc-link power
voltage oscillation
oscillation

Mode 1 5.854 1.48 No Yes
Mode 2 5.787 1.36 No Yes
Mode 3 5.796 1.32 No Yes
Mode 4 5.863 1.43 No Yes
PNSC 6.291 2.12 Yes (Low) Yes
AARC 5.642 1.59 Yes No
BPSC 4.831 1.7 Yes Yes

V. CONCLUSION

This paper has explored the CRC methods for three-phase
grid-connected PV power converters during unbalanced grid
faults. The proposed CRC method has 16 unique modes, four
of which have the capability to eliminate the double grid
fundamental frequency oscillations in both the active power and
the dc-link voltage as verified by the simulation results in this
paper. This feature is the most important advantage of this
general CRC method under unbalanced grid faults. In contrast,
in the prior-art solutions including BPSC, PNSC, and AARC
methods, the active power and the dc link voltage include
significant oscillatory components under unbalanced grid
faults. Although the oscillation amplitude of the active power
using the PNSC scheme is low, the injected currents have the
highest RMS value which can be a severe problem for
implementation of a current limiting. Among the four modes of
the proposed general CRC method, Mode 4 produces the
highest RMS value of the current with the THD of 1.43%. Since
the overcurrent failure must be prevented in the operation of
grid-connected converters under faults, Mode 2 with the lowest
RMS value of current is more promising. This mode can inject
three-phase currents with the THD of 1.36% under faults.
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