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Abstract: In Korea, there is a rule for Renewable Energy Certification with weighting 5.0, to expand
grid linkage capacity and to improve the stability of the grid to accommodate photovoltaic (PV)
systems in a distributed power system. Due to this rule, many power companies and operators
are trying to install electrical energy storage systems that are able to operate in conjunction with
PV system power. These systems operate in parallel at the same grid connection point. This paper
presents the results of case studies on the failure to detect islanding operation. Test evaluation devices
that could be bi-directionally charged and discharged were implemented for an islanding detection
test. Testing was conducted under a variety of operating conditions. When a single inverter was
operated under the islanding condition, it was stably stopped within 0.5 s using the Korean grid-code
standard. However, when two inverters were operated at the same time under the islanding condition,
islanding detection failed and the two inverters continued to feed the connected RLC (resistor,
inductor, capacitor) loads in the isolated section known as an island. Different algorithms used by
PCS (power conversion system) manufacturers to detect islanding might cause this phenomenon.
Therefore, it is necessary for a new PCS test standard to detect islanding.
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1. Introduction

As the supply of renewable energy is expanding globally, the amount of distributed power
sources (e.g., solar photovoltaic (PV) and wind power) connected to the power grid is also rapidly
increasing [1]. In addition, a number of studies related to distributed power connections have been
conducted [2-7]. The inclusion of distributed power sources such as PV and wind power [8-10] could
degrade power quality due to fluctuations of their output power. It is expected that the use of electrical
energy storage systems will be increased to resolve adverse effects on the grid as the use of distributed
power increases [11-14]. Generally, an electrical energy storage system (EESS) is used to improve
power system stability and improve the quality of distributed power systems [15-17]. The intended
benefits from installing an EESS include peak cutting, load shifting, fluctuation offset of the distributed
power output, creating a power reserve, and demand management. In particular, when the utility
system is disconnected to create a distributed system, EESS can contribute to the voltage and frequency
stability of the power transmitted in the utility grid [18,19].
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As shown in Table 1, in Korea, the ‘REC (Renewable Energy Certificate) weight 5.0” rule is
operating to expand the grid linkage capacity for PV systems and to improve the stability of the
power system by reducing fluctuations. And as shows Figure 1 this rule grants five times the REC
weighting to the output electrical energy discharged from EESS after 4:00 p.m. when the EESS is
charged by electrical energy produced by a PV system from 10:00 a.m. to 4:00 p.m. [20]. Power
generation companies operating PV plants are planning to install EESSs linked to PV systems, and the
demand for EESSs is expected to increase.

Table 1. The Renewable Energy Certificate (REC) weights of a photovoltaic (PV) system and electrical
energy storage system (EESS) in Korea [21].

Division REC Weighted Value Installation Type Detailed Criteria
1.2 If vou are on regular Less than 100 kW
1.0 y arounds & From 100 kW
Only PV System 0.7 From 3000 kW
1.5 Using existing facilities 3000 kW or less
1.0 such as a building From 3000 kW
15 Installing floats on the
’ surface of the retainer
PV System + EESS 5.0 EESS (PV system 16,717, 18
connection)

System

Rachichion Electric Charge
Electric Electric Peak Load
Discharge Discharge Action

10a.m. 4p.m.
— PV Energy PV Energy + EESS

Figure 1. Photovoltaic (PV) system + electrical energy storage system (EESS) Renewable Energy
Certificate (REC) weight rule [20].

The islanding of grid-connected distributed systems such as PV, EESS, and wind power occurs
when a section of the utility system containing such distributed systems are disconnected from the
main utility voltage source [22].

Anti-islanding papers given at the Institute of Electrical and Electronics Engineer (IEEE)
conferences and published in journals have increased rapidly between 1989 and 2012: the number of
published papers was six in 2002 and seventy-four in 2012. This shows that there is increasing interest
in the detection of islanding [23,24]. In addition, there is growing interest in the safety of micro-grid
and distributed power systems regarding voltage and frequency variations [25,26]. Distributed systems
continue to feed the power utility lines in the isolated sections known as islands [27,28]. Such isolated
islands are dangerous to people who consider the load inactive and it cause serious accidents to power
system at the next power-up [29]. In particular, operators may suffer serious problems when exposed
to the island circuit during grid repair operations. Moreover, there is a risk of damage to the PV and
EESS if the island is reconnected without synchronization [30]. Therefore, it is clear that the islanding
situation requires proper control to perform a stable operation of distributed power systems [31].

The inverter of a distributed system has an algorithm (e.g., frequency detection method, reactive
power injection-detection method) that can detect an isolated island [32]. In PV inverters, the methods
used to detect islanding fall into three categories: passive islanding, active islanding, and remote
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islanding. Among the most popular standards for anti-islanding are IEEE 929-2000, IEC62116, IEE1547,
VDE0126-1-1, and AS 4777.3-2005. Table 2 shows each standard with its quality factor, required
islanding detection time, normal frequency, and voltage operation range.

Table 2. Reference standards for anti-islanding.

Normal Voltage
. . Normal Frequency
Quality Factor, Q Requlre‘d Islzimdmg Range, N Range, V
Detection Time, ¢ (Nominal Frequency, fo) (% of Nominal
f (No 1 Y Jo Voltage, V)
0o—15Hz) < fand o o
IEEE 62116 1 t<2s (ffg (f0+)1-5 Iflz) 85% <V < 115%
IEEE 1547 1 t<2s 59.3Hz < f < 60.5Hz 88% <V <110%
IEEE 929-2000 2.5 t<2s 59.3Hz < f < 60.5 Hz 88% <V < 100%
Japanese standard (I)n(;—:}?it;:;r;% Acl?cfl\fzni)% ts<<(15<sl s Setting Value Setting Value
VDE 0126-1-1 2 t<02s 475Hz < f <50.2Hz 80% <V < 115%
AS4777.3-2005 1 t<2s Setting Value Setting Value

However, when more than one inverter is connected to an inverter in parallel, even if each inverter
has an anti-islanding detection function, the detection of islanding might fail due to the interaction
of one inverter with the other. When all the energy produced by a PV system is only charging an
EESS, and no utility power source is involved, the inverters might be operating as an isolated island.
The islanding detection method used by an inverter of a distributed system determines the state of
the utility power lines by injection of a disturbance signal into the inverter to change the frequency
or voltage.

When one inverter changes the frequency or voltage signal to detect an isolated island, the other
inverter might fail to detect islanding if its signal is added to the signal of another inverter and they
offset each other. In this paper, experimental devices capable of simulating a PV power source and
energy storage system were constructed. Islanding detection of individual inverters (PV inverter or
EESS inverter) was tested, and when the two inverters (PV inverter and EESS inverter) were connected
in parallel, islanding detection was tested. In particular, the EESS was tested for an islanding operation
situation in the charging mode, which is operated in connection with the PV system and the power
grid. Especially, islanding detection failed depending on the charging capacity of the EESS. Because
EESS has charge and discharge modes, it is different from situations in which PV inverters are parallel
connected to the power grid. In other words, the EESS not only releases electricity energy but also
acts as an R-load. Therefore, in this paper, this study was carried on islanding detection when the PV
inverter and EESS inverter (charge/discharge mode) operate under islanding in parallel connection to
the power grid.

2. Test Procedure for Islanding Detect

The standards for anti-islanding tests for PV system inverters are IEC61727:2004 (photovoltaic
systems characteristics of the utility interface) and IEC 62116 (test procedure for islanding prevention
measures). These standards describe the safety test methods for PV inverters, including islanding
prevention. Figure 2 shows a circuit configuration of a test device for islanding detection. The test was
carried out according to various test conditions set in the standards regarding the ratio of active power
to reactive power.
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Figure 2. Test circuit for islanding detection in a PV inverter.

IEC 62116 is a test standard for islanding detection of one PV inverter. However, when PV and
EESS are connected to a grid, the PV inverter and EESS inverter are used together. In this paper,
we simulated this situation and experimented by connecting two inverters (PV and EESS) in parallel
based on IEC 62116. Also, among test condition A of IEC 62116, the experiment was conducted using
the (0,0) condition. The configuration of the experimental equipment consisted of one test inverter
(EESS) and one DC power source in parallel, diagrammed in Figure 3. The generator and loads could
be any combination of customer-owned and utility-owned.

*EUT(equipment under test)
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Figure 3. Test configuration diagram of two inverters connected to a utility grid in parallel for
islanding detection.

In this work, the experimental circuit was configured as shown in Figure 3 to test islanding
detection while two inverters (PV inverter and EESS inverter) were operated. The DC power source,
which can be operated in constant voltage (CV) mode (red dotted line), can supply power and consume
the load like a battery system. Tests were carried out under the condition that the quality factor was
one, not under a variety of conditions. Equation (1) shows how the quality factor is calculated:

_ VQrxQc 1

Qf B P 1

Figure 4 shows the specifications and configuration of the experimental equipment used for
islanding detection testing. The power meter measured the active power from the test inverters and
the active and reactive power consumed by the RLC loads. The scope meter measured and recorded
the waveforms for voltages, currents and frequency at the test-inverter output terminals and the
waveform of the voltage of utility power line. The experiment was carried out when the test inverters
were in islanding condition. The switch of the main power line was turned off in this state and the
waveforms were measured and recorded. Then, it was checked whether the inverter stopped normally
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within 0.5 seconds according to the Korean grid code. The two test inverters used in the testing were
commercial products and the specifications of the inverters are described in Table 3. Table 4 shows
each test case.
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Figure 4. Specification and configuration of the experimental equipment.

Table 3. Specification of two test inverters.

Product A (PV Inverter) B (EESS Inverter)
Electrical connection 3 phase 4 wires 3 phase 4 wires
Nominal power 20 kW 50 kW
Input/output voltage Input: 300-600 Vdc Input: 600-1000 Vdc
Output: 380 Vac Output: 380 Vac
Isolation type Transformer type Transformer-less type

Table 4. The description of each test case for inverter output power and load capacity.

Case Test Conditions Remarks
1 PV inverter operated at 20 kW, ESS PCS off RLC load Capacity 20 kW, 20 kVar
5 PV inverter off, EESS PCS operated at 20 kW in RLC load Capacity 20 kW, 20 kVar
discharging mode

PV inverter operated at 20 kW, EESS inverter .

3 operated at 20 kW in discharging mode RLC load Capacity 40 kW, 40 kVar
PV inverter operated at 20 kW, EESS inverter .

4 operated at 20 kW in charging mode RLC load Capacity 0 kW, 20 kVar
PV inverter operated at 20 kW, EESS inverter .

> operated at 10 kW in charging mode RLC load Capacity 10 kW, 20 kVar

6 PV inverter operated at 20 kW, EESS inverter RLC load Capacity 15 kW, 20 kVar

operated at 5 kW in charging mode

Experimental cases 1-2 were tests to check whether each inverter could detect an islanding
operation with an output power of 20 kW. In experimental case 3, when the PV inverter and EESS
inverter supplied power to the grid line (including the loads), the function of island detection was
tested. In case 4, the PV inverter supplied power to the grid and the EESS inverter charged its batteries
(in the energy storage-system simulator in Figure 4). Because the PV inverter and EESS inverter were
operated in parallel at the grid connection point, the characteristics of islanding detection had to be
tested under various conditions according to the active power of the inverters.
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3. Experimental Results

3.1. Islanding Detection Test for the Individual Inverter

Figure 5 shows the test results for cases 1 and 2 in Table 4. In Figure 5, the waveform (A) is the
line-to-line voltage of one phase of the grid utility section, (B) is the output voltage of the inverter, (C)
is the output current of the inverter, and (D) is the frequency. Figure 5 shows the resultant waveform
for islanding detection testing under the 20 kW rated power of the PV inverter. The load capacities
were 20 kW for R-load, —20 kVA for L-load, and 20 kVA for C-load at that time.
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Figure 5. Test results for islanding detect of A (PV inverter).

After turning off the grid side switch, the time until the PV inverter stopped was calculated using
the scope waveform. Because the magnitude of the output current of the test inverter was the same
in all phases, the waveform of the voltage and current for only one phase was measured. The test
results for the PV inverter showed approximately 267.5 ms for the inverter to stop. The PV inverter
stopped normally within 0.5 s of the grid code in Korea. The method of detecting islanding in the PV
inverter might be estimated using a frequency detection algorithm to detect the frequency of every
cycle. The frequency waveform changed to 56.55 Hz from 59.9 Hz in the previous cycle and then
decreased continuously to reach the cutoff frequency.

Figure 6 shows the resultant waveform for testing under EESS inverter-operated discharging
mode with 20 kW output power to the grid utility section. The RLC loads were the same as for the PV
inverter testing. The time taken for the inverter to stop was approximately 300 ms. In the case of the
EESS inverter, the method of detecting whether the frequency was changed was by injecting reactive
power at every specific period. The injection period for reactive power of the EESS inverter was about
300 ms, such as for the frequency waveform in Figure 6. In comparison to the previous test results,
the islanding detection method of the inverters of manufacturer A and B was different.
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Figure 6. Test results for islanding detect of B (ESS inverter).
3.2. Islanding Detection Testing with Parallel Operation of Two Inverters

Figure 7 shows the experimental results for case 3 in Table 4. (A) is the waveform for the voltage
of the grid utility side, (B) is the waveform for the inverter output voltage, (C) is the waveform for
the inverter output current of manufacturer A, (D) is the waveform for the inverter output current
of manufacturer B, and (E) is the waveform for frequency. For the islanding detection testing, the PV
inverter was operated at its rated power of 20 kW, and the inverter for the EESS was operated
simultaneously in a 20 kW discharge mode. Then, the R-load (40 kW), L-load (—40 kVA), and C-load
(40 kVA) were connected in an islanding condition. Although the switch of the grid utility was shut
off, the inverters failed to detect the islanding and continuously supplied power to the RLC loads.
Therefore, the inverters were manually stopped. The frequency waveform in Figure 7 shows that the
two inverter frequencies were combined under the islanding condition. The EESS inverter injected
reactive power to detect islanding approximately every 350 ms and this showed that the frequency
fluctuated. The islanding detection failed because the frequency change value fluctuated within 5% of
the cutoff frequency.

Grid disconnection
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Figure 7. Test result of case 3 (PV 20 kW, EESS —20 kW).

The algorithm and period for islanding detection are generally different for each inverter
manufacturer. Even if a frequency adjustment or reactive power injection for islanding detection
was performed at every specific period by each inverter, the islanding detection could still fail because
the cutoff frequency range was not reached. It is possible to change this onsite by adjusting the
islanding detection gain value of the specific inverter. However, if the gain value is large, there is an
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influence on THD (Total Harmonic Distortion) or flicker occurs. Therefore, to connect a grid utility
safely, it is necessary to develop a proper algorithm that can detect islanding while several inverters
operate in parallel at the same connection point.

Figure 8 shows the waveforms of the experimental results for islanding detection when the PV
inverter was operated at a rated power of 20 kW and the EESS inverter was operated in charging mode
at 20 kW. The RLC capacities were 0 kW of R-load, —20 kVA of L-load, and 20 kVA of C-load. The test
time for anti-islanding of the inverters was recorded when islanding occurred after the circuit breaker
of the grid side shut off. The time until the inverters stopped was approximately 357.5 ms and the
inverter normally detected the islanding. Islanding detection was possible when the output power of
the PV inverter was the same as the charging power of the EESS inverter. In this case, the PV inverter
stopped due to an overcurrent error from an insulated-gate bipolar transistor (IGBT) component.

n [ 3575 ms 1 e

o 4 | ! : e G)
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0 -+ AT i ! + , I‘ . — [0)

Frequency[Hz] ESS Current[A] PV Current[A] PCS Voltage[V] Grid Voltage[V]

-0.1975 Timels] 0.629

Figure 8. Test result of case 4 (PV 20 kW, EESS +20 kW).

Figure 9 shows the resulting waveforms when the PV inverter was operated at its rated power of
20 kW and the EESS inverter was operated at 10 kW output power in charging mode. This experiment
simulated a state with a power load of 10 kW because the EESS inverter operated as if it was consuming
the R-load. The RLC load capacities were 10 kW of R-load, —20 kVA of L-load, and 20 kVA of C-load.
The time to stop was 3.197 s and the inverters failed to detect islanding within this time. Case 5 was
different from case 4 because there was an R-load. It is estimated that the islanding detection time was
later than case 4 due to the R-load. When the EESS was in charge mode, it functioned as an electronic
load and consumed the power generated by the PV system; the R-load also consumed the power of
the PV system.

Figure 10 shows the resulting waveforms when the PV inverter was operated at a rated power
of 20 kW and the EESS inverter operated in charging mode at 5 kW. From the experimental results,
the inverters were in continuous operation and had to be stopped manually for safety. It was confirmed
through this experiment that islanding detection of test inverters was impossible when the PV inverter
was operating and the EESS inverter was charged using some of the energy that the PV inverter
discharged. The measuring frequency was continuously changed within the reference range during
islanding based on the frequency waveforms in Figure 10.
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4. Conclusions

In this work, testing for islanding detection was conducted when a PV system and EESS were
operated in parallel at the same grid connection point. In the test of islanding detection by one inverter,
the inverter detected the islanding and stopped stably. However, when two inverters were supplying
power to the grid utility, the islanding detection failed and the inverters operated continuously.
Generally, the EESS inverter in charging mode operates as the R (Resistance) load. When the EESS
inverter was charging with energy supplied from the PV inverter, islanding was detected. However,
this caused an overcurrent error of the PV inverter IGBT. When the EESS inverter was charging with
some of the energy supplied by the PV inverter, the inverters failed to detect islanding. In some cases,
the EESS inverter does not apply the algorithm for islanding detection while operating in charging
mode, so the inverter could fail to detect islanding. From the experimental results, islanding detection
could fail due to the different methods and measuring periods used by each manufacturer of inverters
for detecting islanding states. The conclusions can be summarized as follows.

(1) When two inverters by different manufacturers were operated in parallel at the same grid
connection point, the inverters failed to detect islanding and supplied power continuously to
the load or grid utility. Because the method and detection period for islanding detection of each
manufacturer are different, detection can fail.

(2) When the EESS inverter was charging with all the energy supplied by the PV inverter, islanding
was detected. However, the PV inverter stopped due to an overcurrent error of the IGBT.
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(3) When the EESS inverter was charging with only some of the energy supplied from the PV inverter,
islanding was not detected.

(4) Because the EESS inverter can operate in parallel with other inverters of distributed power
sources, an effective algorithm for islanding detection has to be applied in charging mode.

It is necessary to make a new test standard for islanding detection because in some cases two
inverters in parallel might not detect an islanding.
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