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Abstract—Distributed Power Generation Systems (DPGS)
based on inverters require reliable islanding detection algorithms
(passive or active) in order to determine the electrical grid status
and operate the grid connected inverter properly. These methods
are based on the analysis of the DPGS voltage, current and power
in time or frequency domain.

This paper proposes a time-frequency detection algorithm
based on monitoring the DPGS output power considering the
influence of the PWM, the output LCL filter and of the employed
current controller. Wavelet analysis is applied to obtain time lo-
calization of the islanding condition. Simulation and experimental
results show the performance of the proposed detection algorithm
also in comparison with existing methods.

I. INTRODUCTION

A main issue associated to renewable energy sources con-
nected to electrical grids through an active front-end is the
proper operation of such grid interfaces in order to improve
the power supply reliability and quality independently from the
electrical characteristics of the renewable energy source and
the grid conditions at the point of common coupling (PCC)
[1]-[3]. The power converter topology [4]-[6], the controller
structure, the supported functionalities and/or implementation
issues [7] must be considered during the design process of the
active front-end but, according to the international standards
[8]-[15], the detection of the islanding condition must be also
considered.

The islanding condition is defined in [8] and occurs when
"a portion of the utility system that contains both load and
distributed resources remains energized while it is isolated
from the remainder of the utility system". In case of low-power
plug&play PV systems, according to [12], the distributed
resource must be stopped within 2 s of the formation of
the unintentional island in order to avoid possible damages
to local electrical loads or the PV inverter during the grid
reconnection. Moreover, this condition can be mandatory in
order to guarantee the safety of workers during maintenance
operations of the electrical system [16].

The detection of the islanding condition is a classical issue
in electrical engineering but it must be considered that in
low power PV DPGS, where a minimum number of sensors
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is required to reduce the economical costs or, simply, load-
side and grid-side sensors are not available, this condition
must be determined from voltage and current measurements
at the inverter-side of the PCC [17]. Wireless communication
systems have decreased their cost and can be an alternative
in future DPGS. Passive, active and hybrid detection methods
have been proposed in literature as an alternative to grid-level
detection methods.

Passive methods monitor the voltage and current at the
inverter-side of the PCC. Measurements of the PCC voltage
magnitude and frequency [18][19], harmonics [20] and phase
[21] are considered, separately or simultaneously [22], in order
to determine the islanding condition [23]. As a drawback,
it must be considered that the proper operation of passive
methods under all possible load, grid and DPGS powers can
not be guaranteed [24]. The nondetection zone (NDZ) of each
method [25] can be calculated in order to evaluate the detection
techniques [26]. Moreover, it must be considered that grid
voltage disturbances can cause the inopportune intervention
of the anti-islanding algorithm during normal operation.

Active detection methods have been introduced as an alter-
native to passive methods. In this case, a controlled disturbance
is introduced at the PCC and, when the islanding condition
occurs, the disturbance force the detection method threshold
[27][28] and, as a consequence, the NDZ is minimized or
avoided. Diverse methods, such as impedance measurement
or detetection [29]-[31], slip mode frequency shift (SMS)[32],
active and reactive power variations [33] and active frequency
drift (AFD)[34], have been proposed but, as drawbacks, they
introduce a disturbance at the PCC and interaction between
DPGS must be considered [35]. Hybrid methods combine the
effectiveness of passive and active approaches and can be
applied as alternative [36].

This paper extends the analysis given in [37] and proposes a
wavelet-based detection method which can detect the islanding
condition from local measurements of PCC voltage and current
signals, as in case of passive methods, but evaluates the high-
frequency components injected by the PV inverter, which
depend on the characteristics of the employed pulse width
modulator, LCL filter and current controller, to reveal the
islanding condition, as done by active methods. As it will
be shown, the spectrum of the PV inverter output power will
suffer a small variation, after the islanding operation mode,
over a continuous and relatively wide frequency band. Passive
harmonic detection methods, based on DFT, doesn’t allow
these variations to be detected due to their low resolution,
which depends on the number of selected harmonics. As a
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Fig. 1. Grid interface of the "plug&play" PV system under test according to IEEE Std. 1547.1 [13].

consequence, wavelet filter banks are proposed for tracking
purposes of such spectrum variations in a properly selected
frequency band. Section II shows the basis of the proposed
method, including the procedure for selection of a suitable
mother wavelet. Section III describes the selection method of
proper detection levels and gives the NDZ of the proposed
method and a comparison with two conventional detection
methods. Section IV and V present the obtained experimental
results and conclusions respectively.

II. PROPOSED DETECTION METHOD

The structure of a conventional inverter-based PV system
is analyzed in this section. Special attention is given to
the high-frequency behavior of the inverter output signals
(voltage, current and power) and the impact of the PV inverter
characteristics on these signals. This is the basis to propose
an anti-islanding detection method using wavelet analysis and
a methodology for a proper selection of a mother wavelet for
islanding detection purposes.

A. Grid interface of a single-phase PV system

The general structure of a grid-connected PV system is
shown in fig. 1. The DC/DC stage is operated using a
Perturb & Observe (P&O) algorithm that adapts the voltage
of the PV array in order to track the maximum power point
(MPP) as temperature and irradiation change. Hence the MPPT
computes the power that will be injected into the grid while
the DC voltage controller adjust it in order to keep constant
the dc voltage at the input of the H-bridge. Both MPPT and
DC voltage controller contribute to determine the reference
current, as reported in Fig. 1. The characteristics of the
employed MPPT algorithm must be considered in order to
evaluate the performance of the overall PV systems [38] but,
due to the presence of the dc/dc converter, its impact on the
performance of the anti-islanding algorithm can be neglected.
The H-bridge is a full bridge. The ac peak voltage is 325
V. This voltage could be 15% higher [8]-[14], the grid filter
can add a 10% voltage drop hence the ac voltage generated
by the ac converter should be at least 406 V. Industrial
inverters adopt a dc voltage 20% — 50% higher than this
value in order to have safety margin. A signal conditioning
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Fig. 2. Schematic of the high-frequency equivalent circuit.

and acquisition stage allows the output current ipg and the
PCC voltage vp.. to be measured. A low-pass filter (LPF)
is employed in order to avoid the aliasing effect associated
to the acquisition of high frequency components in ipg and
Upce Signals. The controller establishes the switching states
of the grid-connected current-controlled single-phase inverter
through a pulse width modulator. Sideband harmonics of the
modulator carrier signal are minimized by introducing a LCL
filtering stage properly designed [39]. The current controller
is made by a proportional component and by a resonant term
at the grid frequency. Details about the design process of
this kind of controllers can be found in [40]. Three switches
connected to the PCC allow islanding tests to be carried
out according to IEEE Std. 1547.1 [13]. A test resonant
load (Rp, Cp and L) with quality factor 1.25 has been
considered during the islanding tests, both in simulation and
experimentally, due to the laboratory restrictions. It must be
considered that IEEE Std. 1547.1 suggests a quality factor
equal to 1 [13].

Fig. 2 shows a simplified scheme, where the DPGS inverter
has been modeled as a voltage source vpg operating with
multiple frequencies which depend on the employed pulse
width modulation technique [41]. The LCL filter (R;, L,
Ry, Lo, R3 and C3) has been modeled considering ideal
passive elements, R, and L allows the effect of the grid
impedance to be considered and the non-intentional islanding
operation can be simulated by means of the switch sw. It
must be considered that, once the islanding condition occurs,
vpe can suffer variations due to the dynamic characteristics of
the grid synchronization algorithm included in the PV inverter



TABLE 1
PARAMETERS OF THE ANALYZED PV SYSTEM

Parameter Value Parameter Value
R1, R2 0.5 Q R3 5Q
Ly 3mH Lo 1mH
C3 5 uF Cr 37.6 uF
Ry, 105.8 Q2 Ly, 269.4 mH
Ls 2 mH R 0.5 Q
Vie 600 V' fearrier 6.4 kHz
Pioad 500 W Qload ovA
controller.

B. Frequency behavior of the equivalent high-frequency PV
system and basis of the proposed method

The frequency spectra of the output current i p¢, the PCC
voltage v,.. and the instantaneous output power pp¢ signals
have been measured through a simulation model matching
the structure depicted in fig. 1. The grid interface of the
PV system has been analyzed both in grid-connected and
islanding operation modes. Table I shows the employed sim-
ulation parameters, which correspond to the worst case for
passive anti-islanding detection methods (Ppg = Pioaq and
®Qpc = Qioaqd)- The employed anti-aliasing filters are gnd
order LPFs with feqrrier /4 cut-off frequencies. The LCL filter
has been designed considering that the 1® DPGS inverter is
controlled by means of a pulse width modulator which takes
advantage of the unipolar modulation to reduce the weighted
THD of ipg [41]. The dc-bus voltage has been established at
600 V in order to ensure an appropriate current injection at
the PCC trough the LCL filter but, in practical PV systems,
this value should be properly adjusted in order to improve the
overall performance.

The spectra of the measured signals, without the fundamen-
tal component, are shown in fig. 3. The employed base values
are Vigse = 230 V, Ipgse = 3.33 A and Pyuse = Pload.
Considering the PCC voltage, the inverter does not deteriorate
the quality of the voltage waveform during the grid-connected
operation (a 0.12 % VTHD) but, during the islanding op-
eration, the distortion of the PCC voltage increases up to a
0.19 % (fig. 3.a). As it can be seen in fig. 3.b, the LCL
filter attenuates the sideband harmonics of the pulse width
modulator during the grid-connected operation and the total
harmonic distortion (THD) of the ipg signal is low (1.94 %)
and within the limits established by IEEE Std. 929 [8]. The
ITHD increases during the islanding operation mode reaching
3.52 %. The instantaneous output power pp¢ consumption in
grid-connected mode is carried out at the fundamental grid
frequency but, during the islanding operation mode, other
frequencies appear due to harmonics (fig. 3.c).

The dependency of vy, ipg and ppg from vpg during
each possible operation mode at high frequency can be ana-
lyzed mathematically considering the circuit model shown in
fig. 2. Due to the developed analysis, the effects of possible
Vpe changes during the grid disconnection transient are
neglected. From the complex impedances in fig. 2:
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Fig. 3. Spectra of a) PCC voltage, b) DPGS output current and ¢) DPGS
output power in grid-connected operation and disconnected.
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where Ppg is the frequency domain representation of the
output power of the PV system corresponding to the baseband
harmonics of the PWM carrier signal. Hence, the dependency
of each magnitude from the DPGS voltage at each output
frequency different from the fundamental component can be
evaluated by means of:

MWpee | _ ‘ Z3(Z1//Zs)
Vpa\,, |Z1Z2+ 2123+ ZoZ3+ (Z1+ Z3)ZL]]Zs
©)
oIpc| | 1 ||V 0
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Ppc| | 2Vbo || 0V |? an
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Fig. 4. Frequency response of the equivalent circuit at high frequency when
the DPGS inverter is connected (on) and when it is not connected (off) to the
grid.

where the subindex on denotes grid-connected operation. In
order to minimize the effect of high frequency components
of the PV system on the PCC voltage and current signals the
output LCL-filter, Z;, Z» and Z3 must be properly designed
[39]. The islanding operation mode can be analyzing by
switching sw and, hence, (9)-(11) can be rewritten as:

’ NWpee B ’ VAYAS
OVpa | gy 1 Zo+ ZhZs + ZoZis + (Z1 + Zs) Z
(12)
Voc |y 78] |8Vba ),
‘8PDG _ ’2VDG Wpee |? 14
OVpa |,y Zr |10Vpa |,y

The frequency responses of (9)-(14) considering a conven-
tional single-phase PV DPGS, parameterized in Table I, are
shown in fig. 4. As it can be seen in fig. 4.a, the dependency of
the PCC voltage from the DPGS output voltage, during grid-
connected operation, is low but, once the islanding condition
occurs, the PCC voltage is controlled by the DPGS inverter
output voltage. The difference between gains reaches 22.76 dB
at 395.3 H z. If the output current Ip¢ is considered (fig. 4.b)
the difference reaches 37 dB at 48.44H z. Finally, analyzing
the dependency of the DG output power Ppg from Vpg (fig.
4.c), a difference of 44 dB is reached at 398.44 Hz. Hence,
the greatest gain difference is reached considering (11) and
(14).

According to the obtained results, the islanding-mode
operation can be detected by measuring the amplitude
variation of certain frequencies of the measured spectra
(‘ WVpee | | 8Ipg aPDGT

Vba

OVpa OVpa
resonant b

) 9

). Depending on the number of

ocks, their frequency and the characteristics of the

designed LCL filter, the frequencies which must be measured
and the magnitude of the amplitude variations can be modified.

An operator M A(fs, fe,S), where f4 and f,. are the starting
and ending frequencies of the considered band and S is the
frequency spectrum of the considered output signal (v,
ipG Of ppa), can be defined in order to determine the most
appropriate frequency band and power signal for anti-islanding
detection purposes:

fe 98
MA(fsvfevs):/f (’m

Applying this operator to the frequency bands and the power
signals depicted in fig. 4, the Table II is obtained. Due to the
fact that a higher value of M A implies a better resolution
between both grid-connected and inslanding operation modes,
the most appropriate output frequency bands in order to detect
the islanding operation mode are the 4" and 5. Moreover,
the values in bold allows the best values for each output
signal to be compared and, hence, Ppg has been selected for
detection purposes. As a consequence, applying M A to the
instantaneous output power of the PV system at 4" and 5'"
frequency bands, the islanding condition could be determined.
However, time localization can not be achieved by applying
15).

- ’ 28
ors 19Vpa

)df 5)

on

C. Effects of the grid impedance on the PV system frequency
response

According to (9)-(11), changes in the grid impedance would
change the resolution at each frequency band and, as a
consequence, the performance of the proposed method could
be deteriorated. In order to analyze the impact of such grid
impedance variations, Table II has been recalculated for 50%
resistive and/or inductive variations. The obtained results,
plotted as percentage of the nominal values (Table I), are
shown in fig. 5 for 4'* and 5! frequency bands. As it can be
seen, the effect of the resistive variations (AR) is higher than
the inductive ones and their impact depend on the analyzed
output signal and frequency band.

Fig. 5.a and 5.b show the relative variation of the output of
operator M A applied to V.. for the 4" and the 5" frequency
bands. The maximum measured variations are 662.2 % and
33.7 % respectively. In case of Ipg (fig. 5.c and 5.d), the
maximum variation is obtained at the 5** frequency band (40.9
%) while the 4" frequency band output remains below 33.3
%. The best measured results are obtained in case of Pp¢g at
the 5 frequency band, with a maximum variation of 13.5 %
(fig. 5.f), while the measured value at the 4*" frequency band
is 166.2 % (fig. 5.e).

From the analysis carried out up to this point, and applied to
the PV system depicted in fig. 1, it can be established that the
proposed anti-islanding detection method must track the 5"
frequency band in order to obtain the best possible resolution
and independency from the characteristics of the PCC (grid
impedance). However, the IEEE Std. 1547.1 [13] establishes
that the islanding condition must be detected in less than 2
s, which can not be directly satisfied by applying (15) to the
instantaneous output power of the PV inverter.



TABLE I

RESULTS OF M A(fs, fe, S) APPLIED TO FIG. 4

15t ond 3th Ath 5th 6th 7th
Frequency | fo=6400 Hz | fo=13200 Hz | fo=1600 Hz | f.=800 Hz fo =400 Hz fe =200 Hz fe =100 Hz
band fs =3200 Hz | f.=1600 Hz | fs=2800 Hz fs =400 Hz fs =200 Hz fs =100 Hz fs =50 Hz
MA (Vpee) | 4829 dB-Hz | -9109dB-Hz | -2401.1 dB-Hz | -530.5dB-Hz | 3087.4 dB- Hz 9749 dB - Hz 404.3dB - Hz
MA (Ipg) -233dB - Hz 37..7dB-Hz -2240dB - Hz 3033.7dB - Hz | 12824 dB-Hz | -1344.6 dB- Hz | -14480dB - Hz
MA (Ppg) | -5062dB-Hz | -873.2dB-Hz | -26250dB-Hz | 25032 dB-Hz | 4369.9 dB - Hz -369.7 dB - Hz -1043.7dB - Hz
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Fig. 5. Effect of grid impedance variations on islanding detection. a) 4"
frequency band and Vjpee, b) 5t frequency band and V., c) 4" frequency
band and Ipg, d) 5t" frequency band and Ipg, e) 41" frequency band and
Ppe and f) 5t frequency band and Ppg.

D. Wavelet analysis applied to the detection of the islanding
condition in single-phase inverter based PV DPGS

In order to accomplish the time requirements in [13] it
is proposed to apply the wavelet analysis to obtain time
localization and tracking of a certain frequency band.

The Discrete Wavelet Transform (DWT) is a signal process-
ing tool which can be applied when time-varying harmonics
must be evaluated [42] and, as in the case of the detection of
the islanding condition, time localization is required [43]. The
DWT of a discrete function z(k) can be defined as:

m
—na? )
m
aO

DWT(m, k) = V% S ey (k

where m and n are positive integers employed to define scaling
and translating factors applied to the selected mother wavelet
1. Due to the possible values of m, the frequency bands
which can be measured by applying the DWT are logarithmic.
These bands match the depicted ones in fig. 4. From this
figure and, depending on the LCL-filter characteristics, the
most suitable scale for islanding detection purposes can be
selected. It must be considered that the response time of the
anti-islanding detection algorithm will be shorter if a lower
decomposition level is selected [44]. As a consequence, both
the 4*" and 5" decomposition levels have been selected. The

(16)

Fig. 6. Wavelet filter bank structure.

selection of the most appropriate mother wavelet is a key issue
when applying the wavelet analysis and it will be discussed
in following sections.

In order to simplify the detection algorithm implementation
and tracking of the required frequency band, a filter bank
structure, which is shown in fig. 6, has been selected [45]. The
basic functional block corresponding to each decomposition
level [ is implemented by means of a high pass filter (HPF)
H(z), which generates the decomposition details, and a LPF
G(z), whose output corresponds to the decomposition approx-
imation. The downsampling stages applied to the outputs of
H(z) and G(z) are required in order to avoid information
redundancy and obtain ¢;(k) and a;(k). It must be considered
that the coefficients of H(z) and G(z) depend on the selected
mother wavelet ¢ and the logarithmic resolution required to
establish the method frequency bands are due to the dyadic
downsampling blocks. From the structure depicted in fig. 6 it
is clear that the computational burden depends on the number
of applied decomposition levels.

E. Mother wavelet selection

The performance of the proposed anti-islanding detection
method relays on the selection of an appropriate mother
wavelet 1. 113 mother wavelets corresponding to Daubechies,
Symlets, Coiflets, Biorthogonal and reverse Biorthogonal fam-
ilies have been tested on a simulation model correspond-
ing to fig. 1 and considering the worst detection conditions
(AP = AQ = 0). The wavelet filter bank structure depicted
in fig. 6 has been applied to the instantaneous output power
of the PV inverter. The variation of the signal details before
and after the beginning of the islanding operation at the 5"
decomposition level (Acs) has been depicted in fig. 7 in order
to determine the mother wavelet with best resolution. Pure
sinusoidal and harmonically distorted grid voltages, according
to IEEE Std. 519 (1* 100%, 3"¢ 2%, 5" 2% and 7*" 4%, with
VTHD < 5%), have been applied to the simulation model.
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From the obtained results at the 5 decomposition level, the
islanding operation mode is revealed in less than 2 s (IEEE Std.
1547.1) with both pure sinusoidal and distorted grid voltages.
In case of sinusoidal grid voltages (fig. 7.a), the average value
of the Acs for the set of analyzed mother wavelets is 3852
while, in case of harmonically distorted grid voltages (fig.
7.b), this value reaches only 1945.9. From fig. 7.a, the mother
wavelets with best resolutions are biorthogonal 1.5 and 3.1,
which reach Acs = 7809 and 6721 with response times (fig.
7.c) equal to T, = 0.8931 s and T, = 1.118 s respectively.
Due to its implementation simplicity and the obtained results
in case of sinusoidal PCC voltages, the Haar wavelet can
be also considered as a good alternative (Acs = 5257 and
T, = 0.9966 s). It must be considered that the measured
response times correspond to the time intervals between the
beginning of the islanding operation mode and the maximum
measured variation of c5 and, as a consequence, the detection
times can be improved by a proper selection of tripping
levels. Equivalent results are obtained in case of harmonically
distorted grid voltages, being biorthogonal 1.5 and 3.1 the
best choices with Acs = 4420 and Acs; = 5183 resolutions
(fig. 7.b) and 1.119 s and 1.128 s response times (fig. 7.d)
respectively. Considering the response times and the obtained
resolution levels, the biorthogonal 1.5 has been selected for
the implementation of the proposed anti-islanding detection
algorithm.

F. Selection of detection levels

Once selected the most appropriate mother wavelet, the
islanding condition can be detected by comparison of the mea-
sured peak values of c5 and certain detection levels previously
defined. As a consequence, a peak detector must be applied
to c5 each grid fundamental period:

(k) = maz (| es(k) |,... | es(k=N+1)])  (17)
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Fig. 8. Measured values of cg inside the NDZ of passive methods for a)
pure sinusoidal and b) harmonically distorted grid voltages. Ayqe = 399
and Anin = 1534.

with NV being the number of considered samples at the funda-
mental grid frequency. Fig. 8 has been obtained by applying
(17) to the output of the wavelet filter bank structure and
considering different output powers of the PV DPGS around
Pioaa and Qpoqq (the applied maximum active and reactive
power variations are 5% of the load power with 1% steps). As
it can be seen, due to the employed AP and AQ, the maxi-
mum and minimum values of ¢£ before and after the islanding
condition describe two bands whose characteristics depend on
the employed LCL filter and the switching frequency of the
PV inverter. It must be considered that the shown values of
c’5’ , after the islanding condition, correspond to the measured
values of ¢£ during the transient after the grid disconnection.
The bands overlap once the steady-state is reached again.

The measured bands in case of pure sinusoidal pcc voltages
are shown in fig. 8.a. As it can be seen, and considering the
minimum measured values of ¢£, the measured values before
the islanding operation are inside the band obtained after the
islanding condition but, in case of the maximum measured
values, there is a distance A,,q. = 399 between bands which
allows a reliable detection after a rising crossing of a properly
selected trip level TH n this case, it has been established
adding % to the maximum measured value before the
islanding operation.

The distribution of the measured maximum and minimum
values of £ changes in case of harmonically distorted grid
voltages according to IEEE Std. 519 (fig. 8.b). In this case,
the maximum measured values of £ before the islanding
condition are inside the measured band after the operation in
electrical island but the minimum values present a gap equal
to Ain = 1534, From these results, a reliable detection
of the islanding condition requires the comparison of the
values obtained by applying (17) and two detection levels
corresponding to sinusoidal and harmonically distorted grid
voltages, TH and T'* respectively. The PV inverter must be
stopped if a raising crossing of T or a falling crossing of
TL occurs.



Fig. 9. Simulation results in case of a) pure sinusoidal and b) harmonically
distorted grid voltages. TH = 4440 and T = 4655.

III. SIMULATION RESULTS

The general structure shown in fig. 1 has been modeled and
tested by means of MatLab/Simulink and the Power Systems
BlockSet. The employed parameters have been shown in table
I, the selected mother wavelet is a Biorthogonal 1.5 and the
employed detection levels are T = 4440 and T* = 4655.
The designed anti-islanding detection method has been tested
using pure sinusoidal and distorted grid voltages.

A. NDZ of the proposed method

The NDZ of the proposed method has been evaluated by
applying the designed detection levels to the simulation model
through c£. The measured response times vary from half cycle
at the fundamental grid frequency to 30 cycles (fig. 9.a) and
within the range [17.19 ms, 26.87 ms] (fig. 9.b) in in case
of pure sinusoidal and harmonically distorted grid voltages
respectively. As a consequence, the islanding condition is
properly detected according to [13] in both cases.

B. Performance comparison

The proposed wavelet-based detection technique has been
compared to the Harmonic Detection (HD) [20] and Slip-Mode
Frequency Shifting (SMS) [34] methods in order to evaluate
their performances. The methods have been analyzed by
simulation and implemented according to the general structure
depicted in fig. 1.

The harmonic detection technique is a passive method which
measures the THD of ipg during the islanding test. Fig. 10.a
shows the obtained results in case of a pure sinusoidal grid
voltage. As it can be seen, the ITHD varies between 1.45%,
in case of grid connected operation, and a maximum 3.59%
measured at ¢ = 1.12 s. In order to detect the islanding
condition, the detection level should be established within
this range. Fig. 10.b shows the obtained results in case of
harmonically distorted grid voltages. The THD varies within

i THD (%)

i THD (%)

Tim&)(s)

Fig. 10. Harmonic detection (HD) method. THD of ig4 with Ppg = Pioad>
Qpc = Qload- @) pure sinusoidal grid voltage and b) distorted grid voltage.
The islanding operation occurs at t = 1 s.

[3.61%, 4.39%)] during grid connected operation and falls to
1.50% after the islanding condition. Hence, the measured THD
before the occurrence of the islanding condition depends on
the harmonic distortion of the PCC voltage. Moreover, the
obtained ITHD values have ripple which reduces the method
resolution. As a consequence, a reliable detection level for
all possible operation conditions and local loads can not be
properly selected. The proposed wavelet-based method allows
a reliable detection during all possible operation conditions
(fig. 8) by selecting the most suitable frequency band for
detection purposes. Moreover, from fig. 4, the resolution of
the proposed method could be only reached by the harmonic
detection technique by tracking all the harmonics inside the
selected frequency band, which would increase the computa-
tional burden of the overall PV system controller.

In case of the SMS method, the phase angle of ipg is
dynamically changed depending on the measured mains fre-
quency fpg. Fig. 11.a and 11.c show the measured ITHD and
fpc in case of a pure sinusoidal grid voltage. fp is measured
through the applied software phase-locked loop (SPLL) for
synchronization purposes (fig. 1) and, as it can be seen in
fig. 11.c, during the grid connected operation is maintained
within [49.61 Hz, 50.37 H z]. Once the islanding occurs, the
positive feedback of this method forces the detection. It must
be considered that the detection levels have been established
at =1 Hz according to IEC 61727 [9]. From fig. 11.a and
10.a, this method increases the measured ITHD due to a
higher instability caused by the positive frequency feedback
[20]. In case of harmonically distorted grid voltages, fpg
is [48 Hz, 52 Hz] during grid connected operation due to
the control characteristics of the employed SPLL. Diverse
approaches can be applied for weakening of fpg but, as
consequence, the detection times and the overall complexity
would increase, i.e. adding specifically designed algorithms
for frequency measurement. From fig. 11.b, in grid connected
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Fig. 11. Slip-Mode Frequency Shift (SMS) method with Ppg = Pload,

Qpc = Qload- ipgTHD with a) pure sinusoidal and b) harmonically
distorted grid voltages. Measured frequency at the PCC (fpg) in case of
¢) pure sinusoidal and d) harmonically distorted grid voltage. The islanding
condition is applied at t =1 s.

operation, the ITHD increases due to the inherently instability
of this method. From previous subsections, the inner structure
of the proposed wavelet-based method, i.e. decomposition
level for detection purposes, does not depend on the PCC
conditions which are only considered for selection of most
suitable detection levels (fig. 8). Moreover, the system stability
is not affected by the proposed method.

IV. EXPERIMENTAL RESULTS

The proposed detection technique has been tested using an
experimental setup where two controllable dc-sources S M 400
from Delta Elektronika substitute the PV array and, as H-
bridge, it is employed an ac motor drive V LT — 5006 from
Danfoss, which has been modified by disabling the rectifica-
tion stage and including a custom interface and protection card
developed by Aalborg University (Denmark). Due to the fact
the drive is 3¢, one leg of the IGBT-bridge remains stopped
during the developed islanding tests. The PV system con-
troller, which includes the proposed wavelet-based approach,
is executed on a DS — 1104 control board from dSpace. The
controller measures the inverter dc-voltage, the grid voltage
and the inverter output current, which flows through the LCL
filter, in order to determine the inverter switching status. An
isolation transformer is connected between the electrical grid
and the PV inverter. The PV system provides P = 529 W
to the local load. The islanding condition can be generated
by disconnecting the grid-side of the isolation transformer,
which can be done by means of an available switch. Due to
the characteristics of the developed setup, a low pass filter
has been applied in order to smooth ¢£ values and, as a
consequence, 7" has been changed to 770.9 Three islanding
tests have been carried out in order to evaluate the performance

3 .1s 40V 4 1s1B8W H.1s488 v

Fig. 12. Grid-disconnection transient in case of harmonically distorted grid
voltage. Channel 1 is the measured grid voltage (400 V/div). Channel 3 is the
PCC voltage (400 V/div). Channel A shows the difference between channel
1 and 3 (400 V/div). Channel 4 is the inverter output current (5 A/div).
Channel 2 shows voltage across the switch which disconnects the isolation
transformer.

of the proposed controller under diverse operation conditions:
distorted grid voltage, frequency variations and undervoltages.

Fig. 12 shows the obtained results in case of a harmonically
distorted grid voltages according to the limits in IEEE Std. 519
(1°¢ 100%, 37 2%, 5" 2% and 7" 4%), the measured VTHD
is 4.89. Channel 1 shows the distorted grid voltage during
the tests, with high 5! and 7! voltage harmonics. Once the
islanding condition occurs at 0.2 s, the proposed method stops
the PV inverter in less than 1 cycle at the fundamental grid
frequency, as can be seen from channels 3, A, and 2. The
output current, shown in channel 4, also drops to zero after
the islanding condition.

A programmable power source has been employed in order
to test the tolerance of the proposed method to grid frequency
and voltage variations. The inner control variable Acf has
been measured by means of the C'ontrol Desk software, from
dSpace. Fig. 13.a shows the measured frequency during the
first test, as it can be seen, £1 Hz frequency steps are
applied during 25 cycles at the fundamental grid frequency.
The measured output current is shown in fig. 13.b. The SPLL,
employed as grid synchronization mechanism, changes the
frequency of the PV inverter reference current and the current
controller tries to maintain the sinusoidal output current (dur-
ing this test, the resonance frequency of the current controller
depicted in fig. 1 is changed dynamically and considering
the SPLL output). As it can be seen, the current waveform
remains almost the same. The measured relative variations of
cE, depicted in fig. 13.c, show a correspondence between the
output current waveform and Ac? but the average value of Act
after the frequency step is —6.74%, which is not sufficient to
trip the inverter.

The results of the voltage variations test are shown in fig. 14.
As it can be seen in fig. 14.a, the amplitude of the applied grid
voltage drop of 25% during the test. In order to maintain the
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Fig. 13. Experimental tolerance test to frequency variations. a) The applied
frequency variation, b) the measured output current and c) the variation of cg
during the test.

output power during the transient, the PV inverter generates
an output current with higher magnitude (fig. 14.b). Due to
the falling transient Ac’g reaches a 24% value, which could
trip the PV inverter in case of very adjusted detection levels
due to the dynamics of the applied overall controller. The
second transient is slower and, as a consequence, the measured
variation is lower, reaching a 6%.

V. CONCLUSIONS

This paper proposes a hybrid detection method which can
detect the islanding condition from local measurements of
PCC voltage and current signals, which are the basis of
passive methods, but employs the high-frequency components
injected by PV inverters, due to the applied pulse width
modulator, LCL filter and current controller, to reveal the
islanding condition. The proposed method takes advantage
of time and frequency localization of the discrete wavelet
transform (DWT) applied to the high-frequency components
introduced by the DPGS inverter at the PCC. A theoretical
analysis, the complete design process and the obtained results,
both in simulation and experimentally, are given in this paper.
The proposed method, which has been validated in presence
of distorted grid voltages, frequency variations and undervolt-
ages, is suitable for low-voltage low-power PV systems where
a reduced number of sensors is available and the computational
burden and complexity of the anti-islanding algorithm must be
minimized.
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