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Abstract: Grid-connected inverters are commonly used in systems of renewable energy
to convert this energy source into AC power with parameters suitable for connection to
the grid. In the normal operating conditions, the grid-connected inverters mainly generate
active power to the grid. However, when a voltage sag or voltage imbalance occurs, the
grid voltage imbalance in the conventional control methods causes negative sequence
components and increases the output current magnitude of inverters. The increase of current
can damage power semiconductor devices. This paper presents a strategy to limit the
current magnitude of inverters under unbalanced grid voltage conditions. In this strategy,
a multiple-complex-coeflicient filter is used to eliminate the negative sequence voltage
components. This method does not require any additional hardware. A three-phase grid-
connected photovoltaic inverter system using a solar array of 20 kWp is also used for the
survey. The effectiveness has been validated when comparing the simulation results on
Matlab/Simulink of the proposed method with those of the conventional method.

Key words: current limitation, negative sequences, reactive power compensation, three-
phase grid-connected inverters, unbalanced voltages

1. Introduction

The demand for electricity from renewable energies such as wind power and solar power is
increasing due to their sustainability and environmental friendliness. However, the dependence on
weather makes these renewable energy sources unstable. Therefore, to become an efficient power
source with high quality, these energy sources need to be connected to the power grid. At that
time, the grid-connected inverters using power semiconductor devices [1-3] are often adopted
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to convert these energy sources into the ac power with suitable parameters to connect the power
grid.

Under normal operating conditions, the grid-connected inverters essentially generate the active
power into the network. This active power is often lower than the rated value and the inverter
current magnitude is also lower than the rated current. However, when the faults such as voltage
sag and imbalance happen, the inverters must have the ability to support the power system [4—8]
by compensating the reactive power for the power grid according to the grid codes [9-11].
The voltage imbalance causes the negative sequence voltage components to appear [12—14]. This
makes the power generation ability of inverters decrease. In the conventional inverters, the voltage
imbalance causes the current magnitude of power semiconductor devices to increase because the
inverter output power is kept at the rated apparent power [6, 15]. The increase of current magnitude
can cause over-current and damage the power devices of inverters.

There are many solutions published to control the grid-connected inverters under the voltage
imbalance [17, 18]. However, these methods have only considered the current balance among the
phases to reduce the active power at the DC side, they have not considered the over-current of the
power devices. In addition, these methods have used additional power devices, which increase
the cost and complexity of the control. Although the hysteresis control technique in [19] has been
based on the power-states table and the instantaneous power theory [20] to control powers, it
has not been applied to a specific grid-connected photovoltaic inverter system under grid voltage
imbalance. Normally, the delta connection of transformers is also used to lock zero-sequence
components [21]. However, this connection can cause overvoltage when a single-phase fault
happens. In order to solve this problem, a method proposed in [22] has used the instantaneous
power transformation to improve the transfer of power and eliminate the power oscillations. To
detect the positive sequence components in the synchronous frame, the methods in [5, 23, 24]
have also been proposed, however, their obstacles are slow response and difficult calculation.
Moreover, the significant oscillation of active power at the DC side can affect the durability of
the solar panels.

The technique in [25] uses the linear model of the synchronous rotating frame (SRF) phase-
locked loop and the multiple-complex coeflicient-filter (MCCF) to extract the positive and negative
sequence components. However, the magnitude of the extracted positive sequence component is
not decreased when the grid voltage imbalance occurs. The technique in [26] using the MCCF
and moving average filter also has the magnitude of positive sequence components unchanged
after the voltage imbalance occurs. The PLL in [27] using the MCCEF to eliminate the selective
harmonics has been applied to an active power filter. Thus, these PLL techniques have not been
applied to solve the issues of over-current for the specific grid-connected photovoltaic inverter
systems.

In the meanwhile, the over-current of inverters has not been considered. The over-current of
semiconductor power devices is one of the most important reasons and can damage the inverters.
In most of distributed generations [28] using renewable energy sources, the inverter systems are
used to connect grids. The conventional control methods of these inverters are usually based
on the grid voltage parameters via a phase-locked loop (PLL) to synchronize with the grid.
Once an unbalanced voltage fault occurs, conventional PLLs cannot recognize the presence of
negative sequence voltage components, which makes the real magnitude of the grid voltage
decrease. Therefore, the apparent power generated into the grid is not adequately adjusted to the
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decrease. This can cause over-current. In addition, these PLLs make the inverters significantly
generate the current harmonics into the grid and affect the stability of the power system [29].
Thus, they have an adverse impact on the power quality of the power system. To ensure the safe
operation and transmission of the electricity, the grid codes have been issued by the grid operation
departments [9, 11-29], in which the regulations of reactive power generation are also required
to support the grid when the voltage sag and imbalance happen.

This paper proposes a calculation method for limiting the current magnitude of grid-connected
inverters in operation under voltage imbalance. In the proposed method, a phase-locked loop and
a multiple-complex-coefficient filter [30] are used to extract the positive sequence components
of the grid voltage and reject the adverse effects of the negative sequence voltages. Moreover, a
power calculation method is also useful when voltage imbalance occurs. This method does not
require any additional hardware. The calculation method of conventional inverters is showed in
Section 2. The proposed method is presented in Section 3. The simulation results and discussion of
the two methods are showed in Section 4. The effectiveness of the proposed method is concluded
in Section 5.

2. Power control under voltage imbalance

2.1. Phase-locked loop (PLL)

In a grid-connected inverter system using the principle diagram showed in Fig. 1, the control
of this inverter is based on the voltage parameters estimated by a conventional PLL, as showed
in Fig. 2, where Vi, Vi, and V. are the phase voltages of the grid. The voltages V,, and Vg are
transformed according to the Clarke matrix in (1). Then, the magnitude of the grid voltage Viax

Lboost Vi L, L Vg
i L g s
Al M o) AN N
Sol —— S| et
olar PWM -
" Covtar _| T | inverter o— Ah
oY FaWaVa\ W\
G
PWM i la| 1) ICI l Vo Vap| Vsc
Vol Ve SVPWM > G- v Vv
sol v abc >ap f
IVIPE| s T Modulation \ﬁ‘ PLL
Iso\
R A v
Pl * fo[Ve P Vinax
troll Ve [ »
controrer controller‘_of*_
Y Is lop_ref
IzT‘il — f calculation
max * *
Vg PR 4 o
controller[——O%—
Psolar + Y& F’mppt Iaf T S?ated

Fig. 1. Principle diagram of a grid-connected inverter system
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is defined as in (2). The waveforms of the voltages at a fundamental frequency of 50 Hz are also
showed in Fig. 3, and surveyed in the intervals of time from 0.24-0.4 s.
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Fig. 2. Principle of a conventional PLL
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Fig. 3. Estimated responses when imbalance happens at 0.3 s (voltage magnitudes of the phases B and C are
equal to 60 per cent of the rated value): three phase voltages of the grid (a); Vo and Vg (b); Vimax (¢); grid
frequency (d)

In the first interval, 0.24-0.3 s, the voltages of three phases are balanced in the normal
operation and showed in Fig. 3(a). This helps the voltage magnitudes of V,, and Vg balance in
Fig. 3(b). Then, the estimated by the PLL parameters of the grid voltage, including the magnitude
Vmax and grid frequency f, are also showed in Figs. 3(c)-3(d). However, after 0.3 s, the voltage
magnitudes of phases B and C are decreased to 60% of the rated value in Fig. 3(a). This also
causes the imbalance of the voltage magnitudes V,, and Vg in Fig. 3(b) after 0.3 s. Then, the
estimated voltage parameters in Figs. 3(c)-3(d) are significantly oscillated. These oscillations
cause the inverters to generate harmonics into the grid and affect the stability of the power system.
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2.2. Power control

Under the normal operation, the active power P is always extracted from the renewable energy
sources with the maximum value Pppp by the maximum power point tracker (MPPT) and the
reactive power Q is always as zero. These values are used as the reference powers to generate
into the grid. However, when the grid voltage magnitude is lower than 90% of the rated value, the
inverters must generate the reactive power Q into the grid as in (4) and in Fig. 4, to support the
power system [31,32].

P(puw)
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0.1
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Fig. 4. Regulation of reactive power generation: reactive power versus the voltage drop (a); constraint of
power quantities (b)

Vimaxn — Vi
AV (%) = /22T . 100%, 3)

maxn

Q = V Sfated - P2 ’ (4)

where Vinax » is the rated phase voltage magnitude and Vi is the voltage magnitude of the grid
estimated by the PLL. AV(%) is the voltage drop and S;4eq is the rated apparent power of inverters.
The reference currents are defined as follows:

[ia_ref] _ ; Va —Vﬁ] [P] (5)
igref| V24 ViV Vo |l|Q '
3. Proposed method

3.1. Analysis of voltage imbalance
Under the normal operation with the balanced voltage, three phase voltages of a 3-wire 3-phase
system only have the positive sequence components and are described as follows:
Vsq = V¥ sin (wt + ¢™)
Vp = V¥sin (wt = 21/3+¢") ¢ (6)
Vse = V*sin (wf +27/3 + ¢*)
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When the voltage imbalance happens, the zero-sequence component does not exist for the
3-wire 3-phase system in the static reference frame. However, the negative sequence components
appear and are described as follow:

Vi = V*¥sin (wr + ¢*) + V7 sin (0t + ¢7)
Vep = V*¥sin (wr = 27/3+ ¢*) + Vsin (wr +27/3+¢7) ¢ . (7
Vse = V¥ sin (0t +27/3 +¢*) + V™ sin (wr = 27/3 + ¢7)

In addition, three phase currents also contain the negative sequence components and are

defined as:

I, =1T"sin (wt+6%) + 1 sin(wt +67)

I, =TI"sin (wt —27/3+6) + I sin (wt +27/3+67) ¢, (8)

Io =I"sin (wt +27/3+6%) + I sin (wt —27/3+67)
where V* and V™ are the voltage magnitudes of the positive and negative sequences. I* and I~
are the current magnitudes of the positive and negative sequences. ¢* and ¢~ are the phase angles
of the positive and negative sequence voltages. 6* and 6~ are the phase angles of the positive and
negative sequence currents, respectively. Then, the instantaneous apparent power s is also defined
as follows:

s = vaﬁi’;ﬁ =p+jq, 9)
where v is the voltage vector in the static reference frame and i7, ; is the current vector of
complex conjugates. p and ¢ are the instantaneous active and reactive powers, respectively.

Under the balanced voltage condition, there is no oscillation in the active and reactive powers.
However, when the voltage imbalance happens, the negative sequence components of the voltages
and currents appear. Then, the apparent power will be defined as follows:

S =Vapiyg = (VJ;B + v;ﬁ) (ijtﬁ +i;,3) *=p+jq, (10)
with ) | X _inp
Vs =3 | pin (11)
and .
- 1 1 e T
Ves = 3 [—e’j”/z | ] : (12)

The current vectors are also defined similarly. Then, the active power p will be described as:

p=(varh

FVIL VT, + vlglg) + (v;I; FVIL VT + VI;IE) = peon+ Poses  (13)
and the reactive power ¢ is as follows:
q= (vglj, ~VIL VT, - V;II;) + (V/;'I; S VI + VT - V;IE) = Geon + Gose - (14)

Therefore, the active power consists of a constant component p.,, and an oscillation one
Posc- Similarly, the reactive power also contains a constant component g.on and an oscillation
component gos.. According to (5), although the oscillation component of reactive power does
not affect the DC side, it effects the AC currents. In addition, the oscillation of active power will
adversely affect the DC side.
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3.2. Extraction of the positive sequence components

= |Vl o] Vel (15)
[Vﬁ Vi Vg
There is no zero-sequence component in the 3-wire 3-phase system when the voltage im-

balance happens. However, the negative sequence components will appear as in (15) and are
illustrated in Fig. 5.

C

Fig. 5. Grid voltage V when having the negative sequence components

In (15), V} and V, are the positive and negative sequence voltages in the real axis a, V/;' and
V[; are the positive and negative sequence voltages in the image axis 8. These voltages make the
magnitude of the voltage vector V vary according to the trajectory of an ellipse. This ellipse has
the semi-major axis as V* + V™ and the semi-minor axis as V* — V™.

To extract the negative sequence components, the decoupled double synchronous reference
frame (DDSRF-PLL) in [33] uses low-pass filters. The dual second-order generalized integrator
PLL (DSOGI-PLL) in [14] uses two SOGIs to extract negative and positive sequence components.
It acts as a low-pass filter for the positive sequence and a notch filter for the negative-sequence.
In addition, the DSOGI-FLL uses the trigonometric function (tan)~! to calculate the theta angle.
However, these techniques have only focused on the synchronization. They have not focused on
the decreased magnitude of positive sequence grid voltage when the voltage imbalance happens.
They have also not been applied to solve the over-current issue and the power change for a specific
grid-connected photovoltaic inverter system.

In this paper, a multiple-complex-coefficient filter [27, 30] is proposed to extract positive
sequence voltage components as in (16), and the detailed model of this filter on Matlab/Simulink
is showed in Fig. 6. The positive sequence extractor (PSE) is used to detect the positive sequence
voltages V and VE in Fig. 6(a). The negative sequence extractor (NSE) is used to detect the
positive sequence voltages V,, and Vlg in Fig. 6(b). In (16), w, is the cut angular frequency. wq
is the estimated angular frequency and # is the harmonic order that needs to be extracted. In this
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paper, n as 1 (fundamental frequency) is chosen. The model of the proposed PLL using this filter
is also showed in Fig. 7.

We
Vos(s) —
ap _ s — jnwy + e

S+ jnwo + we

—»Va*

(b)

Fig. 6. The multiple-complex-coeflicient filter model of extraction on Matlab/Simulink: the positive sequence
extractor (a); the negative sequence extractor (b)
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Fig. 7. The proposed PLL using the extraction of the positive sequence voltage components

The waveforms of the positive sequence voltage components and the negative ones are ex-
tracted by the proposed PLL from the grid voltage showed in Fig. 8, when the phase voltages, B
and C, are decreased to 60% of the rated value at 0.3 s. Thus, under the grid voltage imbalance,
the magnitudes of the positive sequence voltages were decreased while those of the negative
ones were increased. The positive and negative sequence voltages will be used for calculating the
reference powers and currents injected into the grid.

The control model using the proposed PLL is showed in Fig. 9, where the reference powers,
currents [},, and I[’; are calculated based on the voltage components in the block proposed
calculation of 148 ref.

When the voltage imbalance happens, the positive sequence voltage magnitudes are decreased
as in Fig. 8(b), after 0.3 s. Therefore, the new apparent power is also decreased and defined as

follows:
+2 +2 -2 -2
\/|(V“ V) = (v v Vaew

Shew = Srated = SratedV P (17)

Vmax n maxn
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where Syew is the new rated apparent power when appearing the negative sequence components.
Then, the new voltage drop AV, is also calculated as follows:

o=l ) (77

AView (%) = 100% (18)

Vmax n

0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4

Time (seconds)

Fig. 8. Voltage waveforms: grid voltages (a); positive sequence voltage components (b);
negative sequence voltage components (c)
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Fig. 9. The proposed control model
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Similarly, the reactive and active powers are also calculated as the following:

0 if AV, %) < 109
me={ if AVaew (%) < 10% (19)

V2Siew - AVpew  if AVpew (%) > 10%

Pnew < \[S%ew - Q?ef . (20)

In reality, the renewable energy sources can vary with the weather. In some cases, the active
power Ppppc from these sources can be greater than the permitted power Ppey. Then, the reference
active power is defined as follows:

P if Phew <P
Pref — { new new mppt (21)

. 9
Pmppt if Ppew > Pmppt

and the reference currents are calculated according to the reference powers and positive sequence
voltages as follows:

V+

[ 5] . (22)

V+

a

[ifrnew] _ 1 Pref Qref

i B V;:z + ng —Oref  Pref

B_new

This calculation helps inverter semiconductor power devices not be over-current. Then, the
currents injected into the grid are regulated by proportional resonance (PR) controllers and the
space vector pulse width modulation (SVPWM).

4. Results and discussion

4.1. Parameters setting

The system parameters are showed in Table 1, where the coefficients of controllers are defined
based on the calculation method in [2]. The grid short-circuit apparent power is chosen as
4.5 MVA. The internal impedance of the grid source is chosen by the values of Rs and Ly in
Table 1 so that the grid voltage THD is 1.05%. This voltage harmonic is similar to that of the
source in the reality. A solar array consists of 11 parallel strings. Each string contains 6 series-
connected modules of SUNPOWER-SPR-305E-WHT-D. Thus, the solar array gives a peak power
of about 20.13 kWp. The characteristics of the solar array are showed in Fig. 10 with different
irradiance levels at 25°C. The system parameters are also described in Table 1.

There are four intervals of time chosen to survey in this paper, from O to 1 s. In the first
interval, 0-0.3 s, the grid phase voltages are balanced and frequency is at 50 Hz. In the second
interval, 0.3-0.5 s, the grid phase voltage magnitudes, B and C, are decreased to 60% of the rated
value that causes the imbalance, and frequency is still at 50 Hz. In the third interval, 0.5-0.7 s, the
grid frequency steps from 50 Hz to 48 Hz occur at 0.5 s. The irradiance level of the solar array
is 1000 W/m? in intervals from 0-0.7 s. In the last interval, 0.7—1 s, the irradiance level of the
solar array is stepped to 500 W/m?. In the rated voltage condition, with the rated apparent power
S at 20 kVA, the rated current magnitude of the inverter injected into the grid is about 42 A. The
surveyed results from 1-2 s, are also repeated from 0-1 s.
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Table 1. System parameters

Parameter Symbol Value
Grid source voltage Vg 3380 VAC
Grid source frequency fe 50 Hz
Resistor of the grid source Rg 0.1 Q
Inductor of the grid source Lg 0.1 mH
Resistor of filter at the grid side Rg 0.01 Q
Inductor of filter at the grid side Lg 0.01 mH
Resistor of filter at the inverter side R; 0.01 Q
Inductor of filter at the inverter side L; 7.5 mH
Capacitor of filter Cy S5 pF
DC voltage Vae 680 V
DC capacitor Cac 10000 pF
Switching frequency fsvpwm 10 kHz
Sample time of sensors Ssample 10 kHz
Solar array power Poolar 20 kWp
Coeflicients of PI controller in PLL kpl; kil 222.1; 11974
Cut angular frequency We 70 & rad/s
Coefficients of DC voltage controller kpdc; kidc 1;0.05
Coefficients of PR controllers kp; ki 0.21; 12

Array type: SunPower SPR-305E-WHT-D;
6 series modules; 11 parallel strings

1 kW/m?
—~60
?:: 0.7 kW/m?
g 40 0.5 KW/m”
5
©20 0.2 kW/m?
0 13
0 50 100 150 200 250 300 350 400
Voltage (V)
a
x10* @)

— 2

S 2

g 0.5 kW/m?

o1

a

0.2 kW/m?

250 300 350 400

0 50 100 150

Voltag2 (V)
(b)

Fig. 10. The characteristics of the solar array: V-A curve (a); V-W curve (b)
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The reference DC voltage is defined as follows:
Vi V2-K, 380-V2-1.1
m - 0.866

where m is the modulation index and K, is the factor depending on the voltage drop across the
devices and filter.

Viet =

~ 680V, (23)

4.2. Results and discussion

The surveyed results are showed in Figs. 11-19. In Fig. 11, the waveforms are the volt-
ages of the grid source, the positive sequence components, and negative sequence components,
respectively. They are also magnified in Fig. 12 from 0.28-0.6 s. The grid voltage imbalance

A ATAY A A VY AV A VO A VY A VA VY AV A VY A VY A Y A W A A Wy

2ot baoatoat baoat oot baoat et oadoa oot
= DDA DA AL

Fig. 12. Voltage waveforms magnified in the interval 0.28-0.6 s: grid voltages (a);
positive sequence voltages (b); negative sequence voltages (c)
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Fig. 13. Phase angle, magnitude, and frequency estimated by: the conventional PLL (a)—(c);
the proposed PLL (d)—(f)
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Fig. 14. Power responses: conventional method (a); proposed method (b)
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happens at 0.3 s and is showed in Fig. 12(a). This makes the positive sequence voltage magnitude
in Fig. 12(b) decrease. In addition, the negative sequence voltage also appears after 0.3 s, see
Fig. 12(c).

In the first interval, 0-0.3 s (or 1-1.3 s), there is a similarity in the surveyed results between
the two methods. However, the ripples in the estimated voltage magnitude in Fig. 13(b) are slightly
high. This makes the current harmonics injected into the grid increase compared with those of
the proposed method. After 0.3 s, the grid voltage imbalance happens. Then, for the conventional
PLL, the appearance of the negative sequence voltages in Fig. 11(c) makes the estimated voltage
magnitude and frequency in Figs. 13(b)—13(c) oscillate significantly. This also makes the reference
powers in Fig. 14(a) oscillate, respectively. Consequently, the reference current magnitudes in
Fig. 15(a) are unbalanced and exceed the rated value (42 A). These magnitudes have caused the
over-current of the inverter. The current magnitudes injected into the grid are increased up to 72 A
after 0.3 s and are showed in Figs. 16(a)-16(c), although the fundamental current magnitude is
only 59.54 A in Fig. 18(b) and Tables 2 and 3. However, this value still exceeds the rated value
(42 A). In addition, the current waveforms are distorted significantly and make the current THD
values of the three phases increase up to 27.54% in Table 3.

i

Tlme (seconds)

—lal- ref *Ial refnew A

L va W N

0 0.2 0.4 0.6 0.8 1
Time (seconds)

Fig. 15. Reference current responses: conventional method (a); proposed method (b)

Table 2. Fundamental current magnitude and current THD of phase C

Freq At the Conventional method Proposed method

(Hz) instant (s) Ipeak (A) THD (%) Ipeak (A) THD (%)
50 1.28 42.07 3.88 42.03 1.99
50 1.48 59.54 19.05 42.67 145
48 1.67 59.77 18.94 42.56 1.44
48 1.97 33.74 23.69 32.03 2.81

In the meanwhile, with the PLL of the proposed method, the estimated voltage magnitude and

frequency in Figs. 13(e)-13(f) do not have any oscillation. Even when the grid frequency steps
down to 48 Hz after 0.5 s. These estimated values are used to calculate the reference powers. As
a result, there is no oscillation in these reference powers in Fig. 14(b). This helps the reference
current magnitudes be balanced and not exceed the rated value as showed in Fig. 15(b). The
quality of the estimated voltage parameters also helps the currents injected into the grid not
exceed the rated limit in Figs. 16(d)-16(f).
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Fig. 16. Current responses injected into the grid: conventional method (a)—(c); proposed method (d)—(f)

In addition, the quality of the currents injected into the grid of the proposed method in
Figs. 16(d)-16(f) is also better than that of the conventional method in Figs. 16(a)-16(c). The
power ripples injected into the grid of the proposed method in Fig. 17(b) are lower than those of
the conventional one in Fig. 17(a).

Moreover, the fundamental phase current magnitudes and the current THD values have also
been measured in one fundamental cycle at 1.28 s, 1.48 s, 1.67 s, and 1.97 s and showed in Fig. 18
and Tables 2-3.

In the first interval, the current magnitude of the conventional method is 42.07 A as showed
in Fig. 18(a), it is slightly higher than the rated value. This magnitude is also similar to that of
the proposed method in Fig. 18(e). However, due to the existence of the grid voltage harmonics,
THD as 1.5%, this causes the ripples in the estimated voltage magnitude of the conventional PLL
in Fig. 13(b) to increase. Consequently, the current harmonics injected into the grid significantly
increase in Fig. 18(a), the current THD is 3.88%. This also leads to the increase of power ripples
in Fig. 17(a). In contrast to this, the proposed PLL is immune to the grid voltage harmonics. This
helps the estimated voltage magnitude in Fig. 13(e) not contain the ripples. As a result, the current
THD is only 1.99% in Fig. 18(e) and lower than that of the conventional PLL in Fig. 18(a). In
addition, the ripples of powers in Fig. 17(b) are also lower than those in Fig. 17(a).
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Fig. 18. Current spectra and THD values of phase C measured in one fundamental cycle at 1.28, 1.48, 1.67 s,
and 1.97 s: conventional method (a)—(d); proposed method (e)—(h)

Table 3. Fundamental current magnitude and current THD of the phases A and B

At the Conventional method Proposed method

instant Phase A Phase B Phase A Phase B
) Ipeak (A) | THD (%) | Ipeak (A) | THD (%) | Ipeak (A) | THD (%) | Ipeak (A) | THD (%)
1.28 429 3.05 42.09 3.49 42.04 1.89 42.06 1.89
1.48 60.34 18.62 56.31 19.64 42.77 1.23 42.61 1.33
1.67 60.44 17.79 56.01 19.74 42.68 1.56 42.53 1.77
1.97 343 2431 30.05 27.54 32.52 2.84 32.76 291

In the second interval, 0.3-0.5 s (or 1.3—1.5 s), when the voltage imbalance happens after 0.3 s,
the estimated voltage magnitude and frequency of the conventional PLL in Figs. 13(b)—13(c) os-
cillate significantly due to the effects of the negative sequence voltages and make the reference
power ripples in Fig. 14(a) increase respectively. In consequence, the fundamental current mag-
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nitude injected into the grid increases up to 59.54 A in Fig. 18(b) and is higher than the rated
current. In addition, the current THD also increases up to 19.05% and exceeds the permitted limit
while the fundamental current magnitude of the proposed method in Fig. 18(f) is still 42.67 A
and the current THD is only as 1.45%.

In the third interval, 0.5-0.7 s (or 1.5-1.7 s), the results of the two methods are still similar
to those in the second intervals. However, during these two intervals, 0.3-0.7 s (or 1.3-1.7 s), the
grid voltage magnitude drops below 90% of the rated value. The inverter needs to generate the
reactive power to support the grid according to the grid codes. This makes the reference active
power P lower than the active power of the solar array Pgolar in Fig. 14. This imbalance of
active powers causes the DC voltage in Figs. 17(c)-17(d) to increase because the MPPT is still
working. If this state exists for a long time, it can cause overvoltage at the DC side. Therefore, a
discharge of the part of differential power needs to be implemented to balance the active power
and stabilize the DC voltage. In this paper, the author suggests using a resistant load controlled
by the PWM technique.

In the final interval, 07-1 s (or 1.7-2 s), the irradiance of the solar array is decreased to
500 W/m? and makes the solar array power Pgo,r lower than the calculated active power Ppew
Then, the reference power Pr.r is chosen as the solar array power Pgolar. This helps the current
magnitude injected into the grid be smaller than the rated value. However, the current harmonic
of the conventional method in Fig. 16(c) is higher than that of the proposed method in Fig. 16(f)
and shown in Fig. 18(d) and Fig. 18(h).

(%) Current THD (%) of phase A (%) Current THD (%) of phase B
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25 2431 25 "
20 18:62— 15 79 20 1064 ~19.74
15 15
10 10
5 i 85 e 2.84 > __349 2.91
0] . 423 1.00 B 0 By 433 77 .
1.28 1.48 1.67 1.97 1.28 1.48 1.67 1.97
Instant (s) Instant (s)
——Prop Conv ——Prop —Conv
(@) (b)

(%) Current THD (%) of phase C

25 - 23.69

20 ~49-05——18.94

15

10

o 28 1.45 g 281
1.28 1.48 1.67 1.97
Instant (s)
—Prop —Conv
©

Fig. 19. Current THD curves of three phases: phase A (a); phase B (b); phase C (c)
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5. Conclusions

In the operation of grid-connected inverters, the faults such as voltage sag and imbalance can
cause over-current in the power electronic devices and increase current harmonics injected into
the grid. Based on the analysis of the voltage sequence components, this paper has proposed a
method for limiting the over-current of the inverters when the voltage imbalance happens. The
adverse effects of the negative sequence voltages are completely rejected by using the multiple-
complex-coeflicient filter in the proposed PLL. Moreover, the reference power calculation is also
presented. The proposed method also helps current harmonics and power ripples injected into the
grid decrease significantly. In addition, this method does not require any hardware. The simulation
results on Matlab/Simulink have also been surveyed and evaluated quantitatively to validate the
effectiveness of the proposed method compared with that of the conventional method.
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