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ABSTRACT

Islanding phenomenon is one of the major concerns
in the distributed generator (DG) systems. Islanding
occurs when one or more DGs supplied local loads
without connecting to the grid utility. This unin-
tentional condition must be detected with the mini-
mum time possible to prevent the hazardous effects
to a person worked in the system or equipment con-
nected to the network. The two main methods of
anti-islanding are passive and active methods. The
passive methods are excellent in the speed of detec-
tion and power quality. However, the passive have
relatively large non-detection zone (NDZ). On the
other hands, the active methods have less relatively
small NDZ and still provide a good speed of detec-
tion. This paper proposes an anti-islanding technique
for multiple grid-connected inverters in photovoltaic
(PV) system based on an active method by inject-
ing harmonic currents with the same or different har-
monic orders (h), 5*® and 9" harmonics. Due to its
excellent algorithm looking at specific frequencies, the
Goertzel algorithm is employed in this paper to iden-
tify frequency components. This algorithm extracts
specific voltage component monitoring the change at
the point of common coupling (PCC), as a result the
islanding condition can be diagnosed by considering
the change in impedance related to injecting harmon-
ics during connecting and islanding condition. Sim-
ulation results using PSIM software confirm the ef-
fectiveness to the technique in accordance with the
requirements of the interconnection standards, IEEE
Std. 1547 and IEEE Std. 929-2000.

Keywords: Islanding, Distributed Generator, Mul-
tiple Inverters, Harmonic Current

1. INTRODUCTION

Nowadays, the renewable energy industry is one
that is rapidly growing in many countries. New re-
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newable energy includes wind power, micro-hydro,
photovoltaic (PV), and landfill gas. They have be-
come alternative energy source to supply demanded
energy consumption. In Thailand, solar power has
become popular due to its tropical climate. PV grid
connected generation systems have been installed in
many areas with the potential of solar power. In dis-
tributed power generation system, requirements are
highly reliable and safety operation with high power
quality generation. One of the main problems in DG
system is called islanding which occurs when genera-
tor is disconnected from the utility while still supply
local loads. Islanding occurs because of various rea-
sons and can be divided into two main groups, un-
intentional and intentional situations. Unintentional
islanding situations range from accidental opening of
the electrical supply while the protection system fails
to detect, sudden change in the network system, to
human error and natural phenomena. Intentional sit-
uations are mostly related to the system and/or de-
vice maintenance and system modification [1]. A fail-
ure to detect islanding condition or system without
anti-islanding is harmful to human including devices
installed. For these reasons, IEEE Std. 929-2000
[2] and IEEE Std. 1547 [3] have become specified
mandatory standard regulations.

The method of islanding detection can be divided
into two categories [4]-[5].

1. Passive methods - The passive methods de-
tect abnormalities related to the islanding conditions.
The implementation of these methods is based on the
monitoring of the change in variables of utility grid by
sensors. Passive methods have a large non-detection
zone (NDZ).

2. Active methods - The active methods introduce
the disturbance to the DG system and analyse signals
at particular points for the islanding detection. These
methods can degrade the power quality due to distur-
bance signal and must be concerned. Active methods
have small non-detection zone (NDZ) compared with
those of passive methods.

Table 1 summarizes comparison of approximate
detection times obtained from different conventional
methods for single inverter anti-islanding which have
been proposed in the literature.

The impedance monitoring is one of the most pop-
ular active methods. The harmonic current is in-
jected by the inverter and the change in voltage at
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Table 1: Comparison of Detection Time of Different

Conventional methods.
Detection method
Over/Under Voltage (OUV)
Over/Under frequency (OUV)
Active Frequency Drift with
Positive Feedback (AFDPF)
Current injection

Detection time (s)
0.03 / 0.05 [6
0.02 / 0.02 [6

0.09 [7]
0.02 [3]

PCC which depends on the impedance connected to
PCC is then observed for anti-islanding. Since the
detection time is critical, many researchers have pro-
posed different approaches in order to find the fast
calculation algorithm for islanding condition detec-
tion. Many of them applied their methods to single
inverter while in the practical DG system it would be
more than one single inverter installed i.e. a PV farm
with two or more PV inverters running in parallel on
the same utility grid. Previous works have been pro-
posed for multiple inverter applications such as both
inverters based on OUV/OUF method. They still
have NDZ like in a single inverter, and both inverters
based on Active/Reactive Power Variations connect-
ing do not work perfectly or both inverters based on
AFDPF work well for multiple inverters [9], but the
speed of anti-islanding detection is slower than con-
ventional current injection method [10]. On the other
hand, harmonic current injection has trade off with
a power quality because more multiple inverters con-
nected will increase the harmonic polluted to the util-
ity grid. However, this method is faster than AFDPF
method and successful detected with no NDZ when
it was applied for a suitable case.

The main aim of this paper is to propose the island-
ing detection technique applied to multiple PV in-
verters connected in DG system. The harmonic com-
ponents are injected to the inverter output and the
Goertzel algorithm is applied for spectrum analysis at
the point of common coupling. However, the multi-
ple inverters connected or grid polluted can cause an
anti-islanding detection failure. Thus, this must be
analysed and suggested how to fix unsuccessful case.
As a result, the island condition can be accurately
detected with a very short time.

2. ISLANDING DETECTION SCHEME

For a solar DG system, PV inverter is connected
to the utility grid at the PCC as shown in Fig. 1. In
the normal grid connecting operation, the impedance
at the PCC, Zpcc, can be determined from a parallel
configuration of Zjoaq and Zgiq . Then, the harmonic
voltage component at the PCC (Vpce(n)) after in-
jected the harmonic current of order A is derived as
given in (1).

Zloangrid
Zload X Zgrid

) Livny (1)

VPC’C(h) |Connecting — (

Where: I, () is harmonic current component of or-
der h of inverter current. In islanding condition, the
system on DG side is disconnected from utility grid.
In this case, Zpcc is equal to Zjgaq. Similarly, the
harmonic voltage component at the PCC at the is-
landing condition is as follow:

Veccm)|1standing = Zioadlinv(h) (2)

The propose method measures the Vpcc () before
sending to a digital signal processing approach for an
analysis in frequency domain. The PV inverter in-
jects harmonic currents of specific harmonic orders
ie. 3t 5th 7th and 90, The harmonic orders and
magnitude of harmonic currents are considered from
the percentage of maximum harmonic current recom-
mended in IEEE Std. 1547 (see Table 2) [3]. How-
ever, in the case that the grid-connected voltage al-
ready contains large individual harmonics generated
by multiple inverters themselves or polluted by dis-
turbing nonlinear loads, other odd harmonic orders
can be alternative choices for detection. Otherwise
the harmonics will be summed and may exceed the
IEEE standard [6].

PCC Islanding Z‘gnd
> 4+—
Iinv Igrid
PV Zigaa Tioad ng]d
Inverter

Fig.1: The PCC impedance network of a single in-
verter connected to grid.

Table 2: Percent of Mazimum Harmonic Current
Distortion [3].

Odd harmonics (order h) | Percent (%)
h<11 4.0
11 <h<17 02.0
17m<h <23 1.5
23 <h < 35 0.6
35<h 0.3

3. PARALLEL OPERATION

The PV farm is the example case that two or more
inverters have been installed in parallel in the same
feeder connected to the utility grid [7]. Therefore,
the islanding detection system should be installed to
avoid the damage in the system, similar to the system
with a single inverter [2]. The structure of parallel
operation of PV inverters is showed in Fig. 2.
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Fig.2: The PCC impedance network of multiple in-
verters.

4. GOERTZEL ALGORITHM

Goertzel algorithm is a technique to compute fre-
quency components of the signal. Unlike general Dis-
crete Fourier Transform (DFT) and according to its
algorithm considering at pre-selected frequencies, a
short computation time can be obtained [8, 11-13].
It can be used to perform harmonic detection for ref-
erence generation for active filtering which requires
a minimum computation time [8]. Therefore, it is
suitable to classify the harmonic components when
islanding occurs. For a single frequency, this algo-
rithm is considerably faster than Fast Fourier Trans-
form (FFT) since DFT calculates many complex val-
ues for obtaining amplitude and phase of interested
frequency. On the other hand, Goertzel algorithm
calculates directly amplitude and phase of frequency
of interest based on the N-point DFT as in (3).

N-1

Xk = Y aln] eI @O/N) ok 3
n=0

k in

N - ffst (4)

The bin width equation refers to the frequency res-
olution of the N-point DFT is given (5).

. fs
b dth = = 5
in wi N (5)

The transfer function of the Goertzel algorithm in
z-domain is:

1 — e—i((2nk)/N) —1

T 1= 2cos((2nk)/N)z 1 + 22 (6)

H(z)

Hence, the per-sample equation is given in (7).

Where:

x[n] = current input signal sample
(n=0,1,...,N=1)

k = index for a discrete frequency bin
(k=0,1,...,N —1)

N = number of input signal samples

fint = the frequency of interest

fs = the sampling frequency

v[n] = intermediate value

v[n — 1] = intermediate value of the previous
sampling

v[n — 2] = intermediate value of twice previous
sampling

The Goertzel algorithm runs the per-sample equa-
tions N times. After running the per-sample equa-
tions N times, the algorithm calculates the results for
magnitude and phase of interested frequency. How-
ever, islanding detection refers only magnitude com-
ponent, the magnitude which exceeds the set value
will determine the present of islanding phenomenon.
By contrast, if the magnitude is less than the set
value, algorithm will be reset the intermediate val-
ues and then re-computing the per-sample equation.
The magnitude component (y[N]) equation is derived
as in (8).

y[[N)? =

V[N — 1]+ 02[N — 2] — u[N — 1]o[N — 2]2 cos (T)
(8)

5. RESULTS

To verify the proposed technique, the system illus-
trated in Fig.2 was simulated using PSIM simulator
[9]. The circuit diagram of multiple inverters is shown
in Fig. 3.

System parameters used in simulations are de-
scribed in Table 3. The magnitudes of the injected
harmonic currents are controlled at 2% of fundamen-
tal current, less than 4% according to the standard
(see Table 2). The first simulation test is taken with
two inverters connected in parallel to the utility grid
inject the harmonic currents with different order, the
5" and 9*"'. For the 5" harmonic current injection,
the appropriate parameter set of Goertzel algorithm
is obtained by the following procedures. Firstly, the
switching frequency of 20 kHz is selected. Then, other
parameters can be calculated by using (3)-(5), fs =
20 kHz, i,y = 250 Hz and the N-point= 400. Simi-
larly, f5, finy and the N-point are set to 20 kHz, 450
Hz and 400 respectively for the 9" harmonic case. As
a result, the resolutions of the Goertzel algorithm for
both cases are 5 Hz and 9 Hz respectively. The sim-
ulation is set that the grid is disconnected at the t =
0.8 s which indicates the islanding phenomenon. Fig.
4 shows the related voltage and current waveforms
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Fig.3: The simulation circuit of multiple grid connected inverters.

when the islanding condition occurs. The Vpoo(siny
and Vpoo(gen) are monitored for islanding detection.
It should be noted that the technique can detect the
islanding and disconnected the system approximately
within one cycle of fundamental frequency or 0.02
second. The spectrum of Vpoe and zoom area of
voltage components during the grid-connected oper-
ation is shown in Fig. 5. Fig. 6 shows the spec-
tra of VPCC after the islanding occurs. It is clearly
seen from Fig. 6 that magnitude of Vpcoc(senyand
Vpccony are significantly higher than that of a nor-
mal grid-connected operation due to the change of
impedance at the PCC.

Table 3: System Parameters.

Parameter Values | Unit

Rated output power 3.11 kW
Input Voltage 380 \Y
Output Voltage 220 A%
Output Frequency 50 Hz
DC-Link capacitor 1000 uF
Inverter switching frequency 20 kHz
Inductor L; of LCL filter 3.8 mH
Capacitor C of LCL filter 2 uF
Inductor Ly of LCL filter 480 uH

The second test is carried out under the condi-
tion that both inverters inject 9*" harmonic currents.
The parameters used in Goertzel algorithm are the
same as in the first test. The islanding again, occurs
at t=0.8 s. The waveforms of anti-islanding opera-
tion are shown in Fig. 7 showing the anti-islanding
operation within one period of fundamental period.
The magnitude of Vpcc(genyl and Vpecgen )2 which
obtained from an algorithm are the same. The volt-
age component of Vpoc(giny as shown in Fig. 8 in-
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Fig.4: The anti-islanding waveforms of two parallel
inverters with 5 and 9" harmonic current injection.
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Fig.5: The Vpoce spectra during the grid connected
condition with 5" and 9" harmonic current injec-
tions.

creased considerably during islanding mode as shown
in Fig. 9.The 5** and the 9" current components are
extracted from Iload for the calculation of harmonic
distortion factor when islanding occurs. The distor-
tion factor of the 5, 9" from the first test and the
9th from the second test are 2.4%, 1.69%, and 2.15%,
respectively. These values are not exceeded the level
provided by standards. With the results obtained,
the idea of the presented method has been confirmed
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Fig.6: The Vpoe spectra during the islanding mode
with 5" and 9" harmonic current injections.

either with the same or different harmonic orders of
the injected currents.
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Fig.7: The anti-islanding waveforms of two parallel
inverters with 9" harmonic current injection.
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Fig.8: The Vpoce spectra during the grid connected
condition with 9" harmonic current injections.
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Fig.9: The Vpcce spectra during the islanding mode
with 9" harmonic current injections.

To investigate the harmonic interaction, the third

test is carried out under the condition that grid util-
ity contained a specific harmonic of the same order
as the injected harmonic (the ninth harmonic in this
case).The parameters used in Goertzel algorithm are
the same as in the previous test. Fig. 10 shows the
waveforms when the method fails to detect the is-
landing scenario according to the high harmonic con-
tent in the grid. In this test, the inverters start to
synchronize with utility grid at t= 0.18 s. Then,
they detect the magnitude of Vpgc(giny which ex-
ceeds the limit that set for the islanding condition.
However, at this time, the utility grid is still con-
nected to PCC before it is disconnected by the real
islanding occurred at t=0.8 s. In this case, inverters
cannot work perfectly as shown in Fig. 10. However,
to obtain the sucessful islanding detection, the har-
monic order of current injected by inverters must be
changed. Therefore, both inverters are modified to
inject 5" harmonic currents. The voltage component
of VPCC(9'")is now increased from utility grid but
is not affected to the inverters operation since they
focus only on 5th harmonic content. The Vpee spec-
tra is illustarted in Fig. 11 during the grid connected
condition. Fig. 12 shows the spectra of Vpoe after
the islanding occurs. It can be seen that the volt-
age component of Vpoc(seny is increased, thus the
inverter controller can correctly detect the islanding
condition.
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Fig.11: The Vpoco spectra during the grid connected
condition with 5" harmonic current injection on the
grid polluted with 9" harmonic.
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Fig.12: The Vpco spectra during the islanding
mode with 5" harmonic current injection on the grid
polluted with 9" harmonic.
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Fig.10: The waveforms of anti-islanding detection failure with 9" harmonic current injection at t=0.2 s.

The operation of multiple inverters connected to
the grid utility is examined in the last test to con-
firm its applications. The harmonic components were
added to the rated inverter output at the PCC. In
this case, the excess power of the local load will feed
to the utility grid. Each inverter is controlled with
the same algorithm to inject 9" harmonics. Fig.13
shows Ij,,, inverter output currents obtained when
two, three and four rated inverters are connected in
parallel. All THD levels are almost the same, ap-
proximately 3.11%. This is because each inverter is
controlled by the same algorithm and connected in
parallel so that the ratio of fundamental and har-
monic component will remain almost constant. How-
ever, the THD and current distortion will be affected
when feeding to local load and utility grid separately.
Fig. 14 shows L4, energized power from PCC when
applied the parallel configuration of two, three and
four inverters. The THD levels are 5.26%, 4.39%
and 4.05% respectively while the 9** harmonic cur-
rent distortions are 4.92%, 3.90% and 3.54% of fun-
damental components respectively. From the above
results, in this case connecting two parallel invert-
ers is acceptable (produced distortion is below level
recommended in the IEEE standard).The results also
show that multiple inverters can energize more power
to utility grid. However, the number of multiple in-
verters that can be connected must be determined
from the grid power quality and also depended on
the amount of harmonic current injection and funda-
mental current.

6. CONCLUSION

In this paper, a current injection method based on
the Goertzel algorithm for islanding detection is pro-
posed. Multiple grid-connected inverters inject har-
monic currents of the same and different harmonic
orders and monitor the change in the magnitude of
harmonic components at the point of common cou-
pling and in consequence the islanding condition can
be diagnosed. The results confirm the success island-
ing detection when grid interaction by harmonic and
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Fig.13: The output currents of multiple inverters

with 9" harmonic current distortion.
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Fig.14: The grid currents connected with multiple
inverters showing 9" harmonic current distortion.

show how to succeed in islanding detection when grid
was more polluted by changing harmonic order injec-
tion. By using the Goertzel algorithm, the computa-
tion time can be reduced significantly and the island-
ing can be detected within one cycle of fundamental
frequency. The simulation results confirm the suc-
cessful anti-islanding for multiple inverters. In addi-
tion, an example of the condition when anti-islanding
detection fails is also investigated. With the results
obtained, this technique can be developed and applied
to a practical DG system.



24

ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.11, NO.1 February 2013

References

[1]

2]

3]

4]

[5]

16]

7]

18]

19]

[10]

[11]

[12]

Mabhat, P.; Zhe Chen; Bak-Jensen, B, “Review of
islanding detection methods for distributed gen-
eration," FElectric Utility Deregulation and Re-
structuring and Power Technologies, pp. 2743—
2748, 2008.

IEEE, Standard 929-2000, IEEE recommended
practice for utility interface of photovoltaic (PV)
systems, 2000.

IEEE, Standard 1547, Standard for Intercon-
necting Distributed Resources with Electric
Power Systems, June 2003.

F.De Mango, M. Liserre, A.D. Aquila, and A.
Pigazo, “Overview of anti-islanding algorithms
for PV systems. part I: passive methods," Power
Electronics and Motion Control Conference 12"
International, pp. 1878-1883, August 2006.
F.De Mango, M. Liserre, and A.D. Aquila,
“Overview of anti-islanding algorithms for PV
systems. part II: active methods," Power Elec-
tronics and Motion Control Conference 12" In-
ternational, pp. 1884-1889, August 2006.

Skocil. T, Gomis-Bellmunt. O, Montesinos-
Miracle. D, Galceran-Arellano. S, Rull-Duran. J,
“Passive and active methods of islanding for PV
systems," Power FElectronics and Applications,
2009, EPE "09. 13th, pp. 1-10.

L. A. C. Lopes and H. Sun, “Performance as-
sessment of active frequency drifting islanding
detection methods," IEEE Trans. Energy Con-
vers.,vol. 21, no. 1, pp. 171-180, Mar. 2006.
Jae-Hyung Kim, Jun-Gu Kim, Young-Hyok Ji,
Yong-Chae Jung, a Chung-Yuen Won, “An Is-
landing Detection Method for a Grid-Connected
System Based on the Goertzel Algorithm," IEEE
Transactions on Power FElectronics, vol. 26, no.
4, pp. 1049-1055, June 2011.

E. J. Estebanez, V. M. Moreno, A. Pigazo, and
M. Liserre, “An Overview of Anti-Islanding De-
tection Algorithms in Photovoltaic Systems in
case of Multiple Current-Controlled Inverters,"
35" Annual Conference of IEEE Industrial Elec-
tronics (IECON), 2009.

M. Xue, F. Liu, Y. Kang, and Y. Zhang, “In-
vestigation of active islanding detection methods
in multiple grid-connected converters," in Proc.
Int. Power Electron. Motion Control Conf.,
2009, pp. 2151-2154.

Chicco. Gianfranco, Schlabbach, Juergen, Sper-
tino, Filippo, “Operation of multiple inverters
in grid-connected large-size Photovoltaic instal-
lations," Electricity Distribution - Part 1, 2009,
CIRED 2009 20'", International Conference and
Ezhibition on, pp.1-4.4.

A.V. Timbus, R. Teodorescu, and F. Blaabjerg,
“Online grid impedance measurement suitable
for multiple PV inverters running in parallel," in

215t Applied Power Electronics Conference and
Ezposition (APEC’06), 2006.

S. A. Gonzalez, R. Garcia-Retegui, and M.
Benedetti, “Harmonic computation technique
suitable for active power filters," IEEE Trans-
actions on Industrial Electronics, vol. 54, no. 5,
pp. 2791-2796, October 2007.

[14] www.powersimtech.com

-
@

[13]

Sutthipan Patthamakunchai received
a B.Eng in Electrical Engineering from
Mabhidol University in 2009. Currently,
he is a master’'s degree student at
King Mongkut’s University of Technol-
ogy Thonburi. His research interests in-
clude electric motor drives and renew-
able energy.

A &

Mongkol Konghirun received a B.Eng

in Electrical Engineering from King

b Mongkut’s University of Technology

= Thonburi, Thailand in 1995. And he re-

s ceived M.Sc. and Ph.D. degrees in Elec-

\ trical Engineering from the Ohio State

? University, USA in 1999 and 2003, re-

] spectively. Presently, he is an Assis-

tant Professor at department of Electri-

cal Engineering, King Mongkut’s Uni-

versity of Technology Thonburi. His re-

search interests include electric motor drives and renewable
energy.

‘Wanchak Lenwari received the B.Eng.
degree in control system and in-
strumentation engineering from King
Mongkut’s University of Technology
Thonburi (KMUTT), Bangkok, Thai-
land, in 1996, the M.Sc. degree in Power
Electronics and Drives from the Univer-
sity of Birmingham, U.K., in 2000, and
the Ph.D. degree in Electrical and Elec-
tronic Engineering from the University
= of Nottingham, U.K., in 2007. Since
1996, he has been a Lecturer with Department of Control Sys-
tem and Instrumentation Engineering, King Mongkut’s Uni-
versity of Technology Thonburi (KMUTT), Thailand, where
he has been appointed Assistant Professor in March 2010. His
current research interests cover active power filtering focus-
ing on advanced control strategies, control and optimization in
power electronics and drive systems, and renewable energy.




