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Abstract: Frequency based methods developed to detect an islanding condition in modern power grid
structures have been discussed. The condition may occur in power grid lines to which additional energy
sources with power electronic converters have been connected such as solar panels or wind turbines. It
is a hazardous operating state for grid workers and devices connected to the islanded part of the grid.
Such a state results from the inability to control amplitude and frequency of basic harmonic of the grid
voltage. An islanding problem in a power grid with additional small energy sources has been discussed.
A basic passive and active islanding detection method have been presented and compared with known
frequency based algorithms, namely active frequency drift and active frequency drift with a positive
feedback algorithm. Finally, a laboratory test of the proposed islanding detection methods in a three-
-phase grid with an AC-DC converter has been conducted. To demonstrate differences between the
tested methods, total harmonic distortion injected into the output converter current and detection time
of islanding state have been measured.

Keywords: anti-islanding protection, active frequency drift, grid converter

1. INTRODUCTION

A dynamically developing sector of renewable energy sources (RES) has a signifi-
cant impact on the structure of the power grid system [1]. Currently, there is a consid-
erable number of RES used in the grid, e.g., various types of fuel cells, solar panels or
wind turbines. Grid connected small power sources called distributed generation (DG)
decentralize power systems as shown in Fig. 1. In the presented structure, it is possible
to electrically isolate a part of a distributed network from the main utility source. An
islanding state may occur only when additional energy sources are present in an isolated
network. In most applications, in order to connect DG to the power grid, grid converters
are used. This method of coupling energy sources to the rest of the grid possesses a lot
of'advantages and disadvantages which depend on the applied control algorithm. A great
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number of converters are controlled by simple unity power factor algorithms, where
a precisely measured utility voltage signal is necessary for proper operation of the con-
verter. With a disconnected main power supply, these converters are unable to control
voltage and frequency of fundamental harmonic. In such a situation, the converter
should discontinue supplying the occurred island, owing to a possibility of hazard for
line workers or devices connected to the island [2].

Fig. 1. Power grid with renewable energy sources

The mentioned hazard may have an impact on devices connected to the island due
to changes in magnitude and frequency of line voltage in the islanded grid part. Also,
line workers may be exposed to deadly danger. If they disconnect the main power supply
manually, islanded part may be still energized by a renewable energy source. Another
aspect that proves the necessity to use anti-islanding protection is preventing the grid
converter damage. It is possible when during islanding, the main power supply will be
reconnected without previous synchronization.

2. ISLANDING STATE

Let us consider an exemplary schematic of the power grid shown in Fig. 2. Between
the local energy source (LES) and point of common coupling (PCC) there is a grid con-
verter controlled by a unity power factor algorithm. As a local load, a pure resistive
model is considered. In this case:

Ijinv * 0’ and * 0’ Qinv = Qload ~ 0 (1)
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The pure resistive model of the islanded load is easy to identify. Moreover, it allows
making power balance condition in a simple way, when the unity power factor control
is implemented into the microprocessor.
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Fig. 2. Exemplary block diagram of a power grid with RES

Normal state operation occurs when the utility breaker is closed. In this state, the
power generated in LES flows through the converter to PCC and next the power flows
to local load. According to Fig. 2, power balance at PCC can be expressed by the fol-
lowing equations:

AP = Pinv - Road ’ AQ = Qinv - Qload: O (2)

During a closed state of the utility breaker, the power is balanced by a power grid.
The voltage and frequency are stiffly controlled by the power grid. If the breaker opens,
the power flow through the breaker contacts becomes zero. In this case, there are two
possible scenarios dependent on the power fed by utility at the instant before the island
occurs. In the schematic in Fig. 2, AQ is always equal to zero, so there is no change of
the frequency after grid disconnection [2]. Real power in the islanded grid part influ-
ences the voltage, due to Ohm’s law. Hence, after grid disconnection, there are two
possible scenarios:

e AP =0 — voltage remains at the same level, equal to the level prior to the opening
of the switch,

e AP # 0 — there is a change in the voltage level at PCC during switching opera-
tion.

A relationship between generated power and voltage in an islanded grid may be de-
fined as follows [3]:

P
U'=U, | 3
- 3)

load

where U is the voltage at PCC instant before islanding state occurrence, U’ — voltage at
PCC instant after occurrence of the islanding state.
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3. PASSIVE ANTI-ISLANDING METHOD

The analysis of Eq. (3) shows a possibility to detect the islanding operation state by
observing the voltage changes at PCC. The methods based on measuring and analysis
of grid parameters are called passive methods. They are commonly attained by setting
threshold values for the measured voltage and frequency parameters at PCC. If the
measured values exceed the set limits, the converter stops supplying the load. It should
be noted that every grid-connected energy source is required to have protection units
against over/under voltage protection (OVP/UVP) and over/under frequency protection
(OFP/UFP).

Since there is a significant power mismatch between LES and local load, in most
cases the above protection units are sufficient to prevent islanding. On the other hand,
there is possibility to get perfect power balance between LES and load in the isolated
part of grid. Verhoeven assesses the probability of a balanced condition in a certain part
of 10°~107 [4]. Regardless of the probability, the protection should detect network dis-
connection under any conditions to guarantee safety.

In the case when the utility breaker opens and AP = 0, the voltage protection unit
will not recognize an emergency state. In other words, the load stays inside the non-
-detection zone (NDZ) [5]. In the light of the requirements of the Polish power grid
law [6] and other international standards [7], the tolerance of the RMS voltage level in
a normal operation state of the power grid is wide-ranging (at least £10%). Due to this
wide range of voltage tolerance, to exceed voltage thresholds in order to accomplish
anti-islanding protection, a major power mismatch is required [2]. It is a generally
known disadvantage of passive anti-islanding algorithms.

4. DETECTION OF THE ISLANDING OPERATION STATE
BY FREQUENCY BASED ACTIVE METHODS

To minimize the main weakness of the passive method, the active methods are used
in order to verify grid presence. This verification is especially important when dealing
with the power match between the power generated in LES and the power consumed by
the load. The current generated at the converter output can be described by the following
equation:

iy, =1, sin(@t+¢) 4)

inv — “inv

As seen, there are three current parameters that may be varied: amplitude, frequency
and phase. Numerous authors [3, 8, 9] consider the frequency based methods to be the
most reliable.
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The basis for all types of frequency based methods has been the active frequency drift
(AFD) algorithm. This method is based on injecting a distortion into a reference waveform
(i") of the converter output current, as shown in Fig. 3. Perturbation of i is realized by gen-
erating the current reference waveform with a slightly higher frequency than the frequency
of the measured voltage at PCC. Moreover, additional zero time (z.) between two halves of
periods of current reference is injected. Zero time is constant and is related to the chopping
fraction parameter (cf’) by a simple equation:

Iy

o = )

Upcc
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Time [ms]

Fig. 3. Voltage at PCC and converter output current reference i* waveforms
in a basic version of the AFD method

It must be remembered that zero time is controlled only after the first half of the
current reference period. Both waveforms presented in Fig. 3 start at the same time.
The frequency of current waveform reference for each new cycle is calculated at the
start of every new voltage period. For this reason, if frequency voltage at PCC increases
during the generated cycle i", the voltage period becomes shorter. Hence, the next cycle
of the current reference waveform will start earlier, unlike in situations when there is no
change in voltage frequency. The above mechanism makes it possible to force frequency
drift in the case when the utility is disconnected. This also activates an OFP unit. An
additional important condition providing proper operation of the AFD algorithm is the
implementation of a fast and high accuracy phase locked loop into the converter control
unit.

To obtain the waveform i* shown in Fig. 3, the authors propose a calculation method
illustrated with the diagram shown in Fig. 4.
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Fig. 4. Block diagram of the algorithm used in calculation of the distorted i* in the basic AFD method

The grid converter generates an output current i correspondingly with the reference
waveform i". As long as the power grid remains connected, there is no influence of the
distorted current to voltage waveform at PCC (upec). When the utility breaker opens,
upec depends on i. If the measured voltage frequency increases, the converter current
frequency is also increased to keep constant c¢f, which is predetermined. This process of
frequency changes repeats until the OFP threshold is exceeded, which is a sufficient
condition to stop the power electronic converter.
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Fig. 5. Voltage at PCC and converter output current reference i* waveforms
in the modified version of the AFD method

In[2],[10] and [11], the authors describe a main drawback of the basic AFD method,
which is a high level of total harmonic distortion in the output converter current. Due to
constant value of cf, the power converter generates a distorted current during the entire
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converter operation time. Chopping fraction, i.e., ¢f is set to values higher than 0.015
in order to obtain a reliable anti-islanding protection with different types of local load
[2]. Tllustrative waveforms obtained from the simulations shown in Fig. 3 and Fig. 5
have cfset to 0.04.

To obtain shorter time of islanding state detection, ¢f must be increased. On the other
hand, the value of THD limits the range of useful ¢f values. This restriction is imposed
to prevent the distortions to reach their maximum values allowed by the power grid law
[7]. In paper [10], to solve the problem of high current distortions, a modification of the
distortion injected into i* was proposed. The modified waveform is presented in Fig. 5
below.

In comparison to the method shown in Fig. 3, some significant changes can be seen
here. Frequency of voltage u,.. and i* are equal. To obtain adequate duration of zero
time specified by predefined cf, a calculation of phase angle offset is performed. The
reference waveform i" shifted in phase reaches zero level at time ¢ = typec — t.. All the
required calculations are performed at positive zero crossing of u,.. waveform. To re-
produce a modified current waveform proposed in [10], we proposed an algorithm
shown in Fig. 6.
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Fig. 6. Block diagram of the calculation algorithm to reproduce distorted i* in the modified AFD method

To compare described AFD algorithms, a simple simulation was carried out. Param-
eter cf was set to value 0.04 for both methods. Total Harmonic Distortion (7HDa4o) for
the waveforms was calculated in Simulink. The computed THDao values for the basic
method is 4.01% and 1.90% for the modified AFD method. This calculation proves that
a lower level of THD4 can be achieved by modifying the injected distortion into ;"
waveform. It is a very important conclusion in view of another disadvantage of AFD
methods described in [2] and [8]. The disadvantage involves a long time required to
detect an islanding condition when ¢fis reduced to fulfil THD limits. To solve this prob-
lem, various modifications of the basic method was proposed [2], [6]. Most of them
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change the value of ¢f parameter during the process of frequency drift after grid discon-
nection. For this purpose the methods make use of positive feedback with linear gain
function K of voltage frequency error Af.

A==t

of =cfy + K(Af)

Parameter cfj is predefined and equal to c¢f'used in equation (5), fo is a nominal value
of grid frequency, f, is actual frequency of voltage measured at PCC.
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Fig. 7. Implementation of AFDPF algorithm into converter control unit

The AFD method described in [2] uses a positive feedback mechanism and has been
called Active Frequency Method with Positive Feedback (basic AFDPF — in this article
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it is called basic, because it was first known method of realisation anti islanding protec-
tion with adjusting frequency). Implementation of variable c¢f allows to reduce a con-
verter output current distortion in the case when the grid is connected and also shortens
the detection time of island condition [2], [5]. Reduction of the THD level in i in steady
state is an effect of using lower values of ¢f when the power grid is connected. After
utility disconnection or utility breaker opening, even a small disturbance injected into i
causes a difference between nominal and actual value of voltage frequency. The de-
tected error is gained by factor K, which increases c¢f. A higher value of ¢f causes an
increase of Af, hence cf is amplified again. This positive feedback mechanism is re-
peated many times until the frequency protection activates and shuts off the power elec-
tronic converter.

Chen et al. [10] proposed a new output waveform but only with constant ¢f. In this
paper, the authors propose a modification by adding a positive feedback mechanism
with linear function of voltage frequency error in order to calculate i waveform pro-
posed in [10]. Here the calculations were performed using Eqs. (6) and (7). This modi-
fication should shorten the island condition detection time in comparison to the basic
AFDPF method that uses the waveform presented in Fig. 3. The implementation of the
algorithm into the converter control unit and a laboratory test circuit is shown in a block
diagram (Fig. 7).

The outer regulation loop contains a phase locked loop which generates three
phase angles from a single phase voltage measurement. Additionally, the loop also
contains a block that calculates selected waveforms. The inner regulation loop regu-
lates output converter currents in synchronous rotating reference frame xy by using
a predictive current controller. The properties and performance of the used regulator
are described in [12].

5. LABORATORY TESTS

To investigate the theoretical results, laboratory tests have been carried out. A sche-
matic diagram of the first tested circuit is presented in Fig. 8.

Local Energy Source Yokogawa
with o WT1800 I Utlity source
grid converter Power Analyzer

Fig. 8. Schematic diagram used to test total harmonic distortion

The two methods with constant ¢f mentioned in the third section have been imple-
mented into the microprocessor based controller of a DC/AC grid converter. The con-
verter is controlled by a high performance 32-bit floating point SHARC processor
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(ADSP-21369). Clock frequency is set to 350 MHz. The execution time of the
developed anti-islanding algorithm is 2.0 us.

The amount of the generated power is constant during the test and stays at 3.8 kW.
The measurement of THDa is performed with Yokogawa 1800WT power analyser. In
the case of utility presence, THDa4o in the function of variable cfis presented in Fig. 9.
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Fig. 9. THD4 in converter current output for two tested methods in function of ¢f

As can be seen, the laboratory test proves that the modified AFD algorithm presented in
[10] injects smaller distortions into the converter output current. Over the entire range of cf,
maximum difference between the curves presented in Fig. 9, for ¢f= 0.035 is about 0.52%.
The calculated reduction of the injected distortion into the converter current is equal to
34.58% (cf = 0.035). Chen et al. [10] performed a simulation test to obtain 7THD of the con-
verter output current. They concluded that their method lowered the THD by about 90%
compared to the basic AFD method with the same input parameters (cf) for both methods.
To confirm that result we carried out a simulation test. The measured distortions in the out-
put current were equal to 4.01% of THD in the basic method and 1.90% in the modified
AFD method (¢f= 0.04). Reduction in the THD current in the simulation test was ca. 52%.
These results do not confirm the results obtained by Chen et al. [10].

Another test was performed to obtain a spectrum of the analyzed converter output
currents. As shown below, the basic AFD method increases the 5th harmonic twice, the
7th harmonic is 5.3 times higher than the values of the same harmonic in current i, dur-
ing the converter operation without implemented anti-islanding detection. On the other
hand, the modified AFD algorithm significantly increases the 3rd, 29th and 35th har-
monic (about twice) and the 17th as well as 23rd (about 2.5 times).
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Fig. 10. Spectrum of converter output power

An exemplary waveform of converter output current for typical ¢f value for AFD
algorithms with positive feedback are presented below (¢f= 0.025). Fig. 11 shows that
the injected zero time is a very small part of power grid voltage period (about 250 ps),
in the case when the power converter is connected with the utility.
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Fig. 11. Converter output current reference waveform for ¢f'= 0.025 (AFD waveform proposed in [10]).

Lower part shows a magnified part of the waveform in the upper part

Apart from the THD4o measurements also the detection time (#s) of island condition
in function of ¢fy and K have been performed. The laboratory test was carried out with
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the implemented basic AFDPF method [2], and the AFD method with the waveform [10]
with the modifications introduced by the present authors. The second laboratory test circuit
was improved to the setup shown in Fig. 7. The circuit specification is given Table 1.

Table 1. Laboratory circuit parameters

Parameter Value
Grid voltage 230V
Grid frequency 50 Hz
Filter inductance (L) 15 mH
Load power 1.8 kW
Frequency threshold in OFP 0.5 Hz

max detection time - 1621 ms

ofy [-] e
0.002
0.005
0.010 *
0.015
10.00 950

8.50 3
9.00 K[

Fig. 13. Required time to detect occurred island with proposed AFDPF method

The oscilloscope measurements were performed with respect to current and voltage
waveforms. The measured time was a period between the opening of the utility breaker
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and tripping of the frequency protection unit. During the test, the performance of both
algorithms was verified in the function of various combinations of input parameters.
The results in Fig. 12 and Fig. 13 show a major difference between the required time to
detect an occurred island condition in the power grid. The results depend not only on
parameter settings — an important issue is the implemented current waveform distortion.

During the laboratory tests, exemplary waveforms were recorded to show dynamic
changes cf. Parameters cfy and K were tuned to record the whole process of island de-
tection in the time range 120—170 ms.

utility disconnection

Temebase 20 ms/'dv
@

Fig. 15. Converter output waveforms in proposed AFDPF method (cfo = 0.01 and K =5)

The results presented in Fig. 14 and 15 show dynamic changes of ¢f parameter after
utility disconnection. The changes can be seen analysing the blue waveform of the converter
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reference current (CH3). After utility disconnection at time 0.0 s (the vertical black line),
the frequency error is increases. According to equation (6), zero time becomes longer for
each next period of the utility voltage. In the proposed AFDPF method, to achieve the same
detection time in comparison to the basic AFDPF method, there is a need to set only half
value of K parameter, when cfj stays at the same level. It allows us to generate lower level
of THD at the converter output during the process of islanding detection.

6. CONCLUSION

Final analysis of the AFDPF methods discussed here let us formulate two main con-
clusions. In order to achieve the same time of island state detection, there is a possibility
to use higher K and lower cfy or higher cf; and lower K values. By tuning these param-
eters, there is a possibility to influence total harmonic distortions in power converter
output current, especially in the case when the converter cooperates with the utility.
Lower cfy values reduces current THD (Fig. 9), but also extends the detection time when
the islanding occurs. This negative effect can be successfully compensated by tuning K
to higher values. The results also show that frequency based anti-islanding detection
algorithms can be tuned in a narrow range of input parameters to adjust the detection
time in a wide range.

Considering the AFD algorithms without positive feedback, we can state the follow-
ing: injection of various distortion waveforms into converter output current has a sig-
nificant impact on the generated THD of the current, for example: an introduction of
a modified reference current waveform an approximate 30% reduction of 7HD in output
current can be achieved in a real electric circuit. Moreover, this distortion in comparison
to the basic version of the AFD method amplifies higher harmonic orders (17th, 23th,
29th, 35th) that can be easily filtered out.

The above knowledge may be used in the designing of high effective, reliable anti-
islanding protection systems characterized by reduced total harmonic distortions in-
jected into converter output current.
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