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Abstract- This paper presents a new active anti-islanding detection method for distributed power generation
systems. This method is based on introducing a disturbance at the inverter output and observing the behaviour
of the voltage at the point of common coupling (PCC), which depends on the impedance connected to the PCC in
an islanding situation. Theidanding detection is based on the Goertzel algorithm.

I INTRODUCTION

In the last years, one of the priorities worldwide is developing aternative sources to produce electric energy, especialy
from renewable sources, which produce low environmental contamination levels. Those renewable energy sources have
an important role in the long-term, and they will give rise to substantial changes in the technologic, environmental and
organizational profile of the global energy system [1].

Furthermore, the possihilities to produce energy closely to the consumption centers, and energetic delivery weaknesses
in isolated and rural areas, turn the distributed generation (DG) [2] into an interesting and promising technological
option.

Accordingly to the expressed above, it is feasible to implement interfaces able to get connected to the grid in order to
transfer the energy coming from renewable sources (grid mode), as well as to feed loads when there is a lack of it
(island mode). Those interfaces are known as microgrids [3]. A microgrid is able to flexibly import and export energy
from and to the grid. It controls the flow of active and reactive power [4].

Moreover, the condition of “Islanding” in a distributed power generation system is an electrical phenomenon which
occurs when the energy supplied by the power grid is interrupted and the distributed generators (DGs) continue
energizing the loads. Thus, the power grid stops controlling this isolated part of the distribution system, which contains
both loads and generation, so that security, restoration of service and reliability of the equipment may be compromised
(S].

However, in some microgrids, the inverters which change their control structure depending on the connection-
disconnection status of the microgrid to the main grid [6]. When the main grid is connected, the inverters work injecting
acurrent in phase with the voltage at the PCC. When the microgrid becomes isolated from the grid, the inverters change
their control configuration, working as voltage sources and using some droop method [7], [8] to share the power
demanded by the local loads. This change in the microinverter control structure is decided by some islanding detection

method.



The main idea to detect an Islanding situation is to supervise the DGs output parameters and/or other system parameters
in order to determine whether changes indicating an islanding condition have occurred. 1slanding detection techniques
can be divided into remote and local ones, whereas the latter techniques are divided into passive and active ones, as
shownin Fig. 1[9].

Before defining the different methods for islanding detection, it is important to highlight two key features in order to
understand the islanding phenomenon. The first one is associated with the so-called “Non-detection zone” (NDZ). The
NDZ can be defined as the range (in terms of the power difference between the DG inverter and the load or load
parameters) in which an idanding detection scheme under test fails to detect this condition [10]. The second feature is
associated with the type of loads (potential 1oads inside an isle), which can be modelled as a parallel RLC circuit. This
circuit is primarily used because it raises more difficulties for islanding detection techniques than others. Generally,
non-linear loads that produce current harmonics, or constant power loads do not represent significant problems for
islanding detection [11].

The passive techniques are based on isanding detection through monitoring of some parameters such as voltage,
current, frequency and/or their characteristics. Those techniques interrupt the inverter operation when there is a
transition beyond the limits established for these parameters. They have the advantage of not worsening the quality of
power, but exhibit a considerable NDZ. The main passive techniques are: Over/under-voltage and over/under-frequency
[11], [12], Phase Jump Detection [11], [13], Detection of voltage and current harmonics [10], [11], [14], and Detection
based on state estimators [15].

The active techniques intentionally introduce disturbances at the output of the inverter to determine if they affect the

voltage, frequency or impedance parameters, in which case it is assumed that the grid has been disconnected and the
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Fig. 1. Anti-islanding techniques classification.

inverter isisolated from the load.

Active techniques have the advantage of remarkably reducing or even eliminating the NDZ, but in order to achieve their
purpose they may deteriorate the quality of the current injected to the grid or even cause instability.

Among the active techniques, the following can be pointed out: Impedance measurement [11], [16], [17], Harmonic
injection/detection of impedance [18], Sliding Mode Frequency Shift (SMS) [19], [20], Active Frequency Drift (AFD)

[11], [19], [20], Frequency jump [11], [21], Sandia Frequency Shift (SFS) Sandia Voltaje Shift (SVS) [11], [19], [22],



[23], [26], Mains Monitoring Units with Allocated All-pole Switching Devices Connected in Series (MSD)[11],
Variation of active power and reactive power [10], [24], [25], [26], and General Electric Frequency Schemes (GEFS)
[20], [25].

Other detection techniques are based on communication between the grid and the DGs. They are more reliable than the
local techniques but more expensive to implement and, therefore, less profitable. Here are some of these techniques.
Impedance Insertion [11], [29], Power Line Carrier Communications [11], [30], [31], Signal Produced by Disconnect
[11], Supervisory Control and Data Acquisition (SCADA) [11], [32].

This paper presents a new active technique based on the Goertzel algorithm [33] to detect islanding.

1. SINGLE PHASE INVERTER

Figure 2 shows the scheme of the 230W single-phase inverter that has been used to evaluate the islanding detection
algorithm. The inverter is fed by a programmable DC source in which the |-V curve of a PV panel array has been
programmed. The maximum power point (MPP) of the |-V curve takes place at the following operation point:
Ppy mpp=230 W, Vpc mppr=400 V. For DC-AC conversion a current-controlled H-bridge inverter with bipolar PWM [34]
and an output LCL filter [35], [36] has been chosen. Table 1 shows the electrical parameters of the inverter under study.

Table 1. Electrical parameters of the inverter under study

Parameter Values
Power injected from the DC source (P, ypp) 230 W
DC_LINK voltage (Vpc mpp) 400V
Inverter output voltage (Vo rus) 230 Vyus £10%
Inverter output fundamental frequency (f,) 50 Hz
Inverter inductance (L) 37 mH
Inverter output capacitor (C) 270 nF
Damping resistance (R,) 500
Grid inductance (L) 1.8 mH
Inverter switching frequency (f5) 20 kHz
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Fig. 2. Block diagram of the inverter.
As it can be observed from Figure 2, the control of the inverter starts from a maximum power point tracker (MPPT),

implemented by means of a P& O (perturb and observe) algorithm [37], [38]. The output of the MPPT, V¢ ,.s; is the



reference of the PV string voltage, Vpe. The PWM inverter has an inner current controller based on a harmonic
compensator [38] in order to comply with the |EEE 929-2000 standard [40], in terms of the THD of the current injected
to the grid. The amplitude, 1., of the current loop reference is the output of the Pl controller of the inverter DC_link
voltage, that is synchronized with the fundamental component of the grid voltage by means of a phase locked loop

(dgPLL) implemented using the synchronous rotating reference frame technique [41], [42]. Figure 3 shows the dqPLL
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Fig. 3. Block diagram of the dgPLL.

Table 2 shows the expression of the regulators chosen for the present study, for both the inner current loop and the outer
voltage loop, along with the resulting crossover frequencies and phase margins of both loops.

Table 2. Expressions of the chosen regulators and resulting crossover frequencies and phase margins

Inverter

Crossover Phase
Controller Expression of the transfer function (continuous time)

frequency margin
Current controller k. B, s 100-27-s 1.15k Hz 50°

kp+————t——y=05+— 5
s+ B,s+(w?) s+ 25+ (1007)
Voltage controller k. 0.33 11.5 Hz 88.6°
kp+—=48+——
Ky S

I1. ANTISLANDING METHOD BASED ON THE GOERTZEL ALGORITHM.

a. GENERATION OF THE DISTURBANCE

The proposed method is based on the addition of a current harmonic to the inverter current reference [18]. The
perturbation is generated by the modification the phase signa of the PLL, so that the angle of the inverter current
reference, 6y, is changed according to (1), where k is the rate of disturbance introduced into the system. The main

advantage of using the PLL to generate the disturbance is that the disturbance aways remains proportional to the



injected current and as discussed below it does not affect the zero-crossings of the signal. The scheme of the PLL
perturbation is shown in Figure 4.

Oy = Oppyy + k- cos( OrpiL ) D

’7 K-cos(Orprr)

eF}’LL

|ref f_peak

Fig. 4. Proposed PLL perturbation.
The upper plot of Figure 5 depicts the ideal, &r»;;, and the distorted, 6,y,, output phase waveform of the PLL. The lower
plot shows the ideal and distorted output current reference, 1., waveform of for k=0.1 and L. ,eu=1.414 A,
corresponding to 230 W at Vo rus=230 V. The effect of (1) is to modify the inverter output current waveform,

introducing a second harmonic, asit will be demonstrated in the following.
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Fig. 5. Up: Ideal, 6gp |, and distorted, 6,yy, output phase waveform of the PLL. Low: ideal and distorted output current reference, |,
waveform of for k=0.1 and 1, pe=1.414 A.

The injected signal waveform is defined by (2):
0,; =k-cosb,,, 2
The resulting inverter current phase reference is given by (3):
cos b, =cos(8,, +0,,)=Cob,, +kCOSO,,, ) 3
Applying the trigonometric rule (4) to (3) it results (5):
cos(A4 + B) = cos(A4)-cos(B) —sin(A)-sin(B) 4

COS(HFPLL + k- COSQFPLL) =

: : ®)
COS(QFPLL )-cos(k-cos eFPLL) - n(eFPLL) -sin(k- COSOpp,;, )

Assuming that k<<1 the approximation (6) results, which can be applied to (5) resulting in (7).



sin(k-coséb,,,,) = k-cos0,,,, , fork <<1

cos(k-c0sb,,,,) =1, fork <<1 ©

cos(8,,, ) = c0Sb,,,, —k-Sn@,,, cosb,,,, (7)
Taking into account (8), we can rewrite (7) as (9):

sin(2:0) = 2:sin(d)-cos() (8)

cos@,,,, = Ccosb,,,, —%-sin(Z-QFPLL) ©)

Asit is demonstrated by (9), the addition of the term ¢;,,=K-cosrp,,, as described by (3), produces a second harmonic
in the inverter current reference signal for small values of & (k<<1).

Asaresult, asmall distortion of the inverter current reference is expected, as shown in Figure 5.

Note that the inverter current reference waveform is not affected at the zero crossings, wheress its peak values are
shifted in time but not modified.

When the grid is connected, the voltage at the PCC is imposed by the grid and its waveform is not altered by the
proposed islanding detection algorithm. When the grid is not present (islanding situation), the PCC voltage follows the
waveform of the current injected by the inverter. The proposed islanding detection method is based on measuring the
second harmonic of the PCC voltage waveform by means of the Goertzel algorithm.

b. DETECTION ALGORITHM

The Goertzel algorithm [33] enables an individual Discrete Fourier Transform (DFT) coefficient to be generated using a
simple recursive filter which incorporates a second-order digital resonator. Its inherent simplicity and reduced
computational effort has in recent years raised the interest in second-order digital resonators and Goertzel filters which
generate Fourier coefficients, or detect tones, at arbitrary frequencies rather than just at the DFT frequencies [43].
Among the Goertzel algorithm applications in the electric power area are the detection of induction motor speed [44]
and quality control systems interconnected to the power grid [45].

In this work the Goertzel algorithm will be applied for the measurement of the second harmonic amplitude enabling
islanding detection. As the algorithm only requires the analysis of a single frequency component, its processing time
will be shorter than that of the algorithms that use a group of frequencies.

Moreover, the Goertzel agorithm, compared with the direct calculation of an N-point DFT, reduces the number of
operations. Compared to the N-point DFT, the Goertzel agorithm uses half the computational time, fewer
multiplications, the same number of additions, and requires approximately the number of trigonometric evaluations of

the DFT divided by N, which isits greatest advantage [33].



The equation representing the Goertzel algorithm is given by atransfer function instead of by a second order IIR filter.
The z-domain transfer function of the Goertzel filter is expressed by (10).

27k,
y 3
l-¢ V z

27 -k
1—2~cos£ gJ~zl+zz
N

In the frequency domain the term &, represents an integer number in the range: 0 <k, <N-1.

H(z)= (10)

The magnitude (y,,) and phase (6) of the required frequency component can be found from the Goertzel algorithm,
according to the expressions (11) and (12), respectively. Where v, is the vector of the discretized measurement of the

voltage at the PCC.

2k
Vi, (N)( =v,fg (N—1)+v,fg (N—Z)—vkg (N—1)~vkg (N—2)~C0{ I g} (11)

21k
sin ¢ 1y, (N=-2)
o =argly, (N)]}=arctan ( r j :

v, (N-1)- co{ M&kg J v, (N-2)

(12)

In order to implement the Goertzel algorithm to determine the second harmonic amplitude it is necessary to discretize
the inverter output voltage signal at the PCC. This discretization has been performed at 7 kHz (20 points per cicle), as

shown in Figure 6.
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Fig. 6(a) Output voltage (ideal and distorted), (b) Discretized distorted voltage signal
After calculating the amplitude of the second harmonic from equation (11), it is low pass filtered (50 Hz), yielding an
averaged variable, Ay;. Thisvariable is compared with a threshold value in order to determine whether the system isin

an islanding situation.



c. THRESHOLD CALCULATION

Some parameters of the system must be taken into account to calculate the detection threshold such as the grid
impedance, the load impedance and the power injected by the inverter. A mathematical analysis of the effect of
disturbing the system with a second harmonic current is presented in this subsection.

On one hand, the detection threshold of the second harmonic of the PCC voltage must be set higher than the second
harmonic voltage produced by the inverter at the PCC when the grid is connected, in order to avoid false islanding
detections. On the other hand, thereis an upper limit for the detection threshold as will be explained later.

In order to find the lower limit for the detection threshold, it is considered that the grid is weak (high grid impedance),
which constitutes the worst case for the analysis, because in a strong grid a second harmonic disturbance or aload with
second-order harmonic contents affects less the voltage waveform at the PCC before the islanding situation.

The grid impedance is calculated starting from the base impedance of the system under study: Z,=5.29 Q, having
considered the base power of the system: S,=10 kVA. For aweak grid the grid impedance, Z,, might be considered as
one tenth of the base impedance [46]. In this case it results: Z,=529 mQ. Three different cases have been taken into
account: 1) purely resistive grid (Z,=R,=529 mQ), 2) purely inductive grid (L,=1.8 mH), and 3) a combination of both
(Rgria=374 mQ and Ly,;;=1.2 mH).

From Fig. 4 and (9) it is found that the inverter output current is defined by (13), supposing a good tracking of the

current loop.

. k .
L, ef = [re_f " peak’ COS&IN y = [ref_ peak(COSQFPLL - E s n(ZIQFPLL )j (13)

Therefore, the amplitude of the second harmonic of the inverter output current is expressed by (14).

k

I =.5in(26,,,,) (14)

llOOHz = ref _ peak. 2

Figure 7 presents the equivalent circuit of the system behavior at /00 Hz when the grid is connected, being ‘79_100 uz the

100 Hz harmonic of the grid voltage. The term 7100HZ stands for the 100Hz harmonic injected by the inverter according

to the proposed islanding detection method.
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Fig. 7 Equivalent circuit of the system at 100 Hz when the grid is connected.

The currentsin the circuit of Fig. 7 follow (15)



f _ 7 + f _ VL_100Hz + (VL_100HZ - Vg_lOOHz) 15
100Hz — 4L _100Hz g _100Hz — Z Z (15)
L _100Hz g _100Hz

Even for the worst case (wesk grid) it holds true that |Z, ;poi.| <<|Z1. 1001-|- Taking this fact into account and also that in
usual grids the second harmonic of the grid voltage is negligible (Vg 1001<<V_1001z), it results (16). Therefore, (17) isa
valid approximation for the second harmonic of the PCC voltage produced by the proposed method when the grid is
connected. Therefore, the threshold for islanding detection must be set above the value defined by (17), which

constitutes the lower limit of the detection threshold.

T _ ZL_lOOHz + Zg_lOOHz > VL_lOOHz
Lo =| = = Vi 100 =3 (16)
Z; soom: 2y 100m B Z, 1oom:
I/L _100Hz = g _100Hz ’ ] 100Hz (17)

Besides, there is an upper limit for the detection threshold. This limit is calculated for assuring that when the grid is
disconnected (islanding situation) the second harmonic of the voltage at the PCC becomes always higher than the
threshold established, yielding to islanding detection. Obviously, the threshold cannot be set arbitrarily high, or

islanding detection could fail in some islanding situations. In an islanding situation the expression of the second

harmonic of the voltage at the PCC is given by (18). Thisvalue is afunction of the load at the PCC at 100 Hz, ZL_lOOHZ .

VL_100HZ = ZL _100H:z Ligon. (18)

In accordance to the IEEE 929-2000 standard for islanding detection, the worst case to detect islanding is given for a
parald RLC load with Q=2.5. The absolute value of the load impedance phasor for this kind of load at100Hz is
calculated according to (19). Thus, the threshold for islanding detection must be set below the value defined by (18)
with aload impedance given by (19).

1
= (19)

1\ 1 2
(j +(2ﬂ.1oo.c_j
R 27-100- L

Besides, an improvement is introduced to provide robustness to the detection system: a delay is programmed for

‘ ZL _100Hz

verification of the idanding status to prevent from false islanding detection in the presence of transients or noise in the
measurements. When the averaged output of the Goertzel filter, Ay;, exceeds the threshold, this condition must be
maintained for a period of time of 700 ms (corresponding to 5 grid cycles) before disconnection from the PCC, in order
to guarantee that the islanding has been really produced. The established 700 ms time does not exceed the standard set

by |EEE 929-2000 [47]. The algorithm of the proposed islanding detection method scheme can be seen in Figure 8.
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Fig. 8 Algorithm of the proposed islanding detection method.

V. SIMULATION RESULTS

This section shows simulation results of the above method. These simulations were conducted in PSIM™ software [48]
and tested on the PV inverter and grid, both described in section Il. The simulated inverter is operating in closed loop
with a conventional P&O MPPT agorithm. The tests follow the requirements of the IEEE 929-2000 standard for
islanding detection. In particular, parallel RLC loads with a high Q factor often present problems for island detection.

The quality factor Q is defined by (20).

C
0-R ﬁ (20)

Simulations have been conducted with a duration of one second, with grid disconnection at the instant ¢ = 300ms. The
loads under test have been an RLC paralel load with 0=3.289 (R=226.67 Q, L=220 mH, C=45 uF) and a purely
resistiveload (R=226.6 Q).

Tests were performed for different values of the grid impedance (weak grid impedance and strong grid impedance), in
order to corroborate the behavior of the proposed islanding technique. In all cases, the simulated detection times ranged
between 103 ms and 104 ms. The simulations to be shown in the following have been performed with a purely inductive
weak grid: Ly, = 1.8 mH.

Another factor that was considered when conducting the tests was to determine whether the crossover frequencies and

phase margins of the current and voltage loop of the inverter affect the proper operation of the proposed islanding



detection technique. Two sets of current and voltage controllers were designed: 1) the set described in Table 2, with
crossover frequencies of the current and voltage loop of f; =1.15 kHz and f., =11.5 Hz, respectively, and 2) faster
controllers with higher crossover frequencies: f; =1.85 kHz (phase margin: 48.5 ) and f¢, =20 Hz (phase margin: 88.3°).
The simulation results of the isanding detection technique were similar for both sets of controllers. All the simulations
to be shown in the following are performed with the controllers presented in Table 2.

The simulations have been performed with different harmonics at the PCC voltage. Specificaly, three different
situations have been simulated: (a) an ideal purely sinusoidal grid voltage, (b) agrid with a5 % third harmonic voltage
distortion, and (c) agrid voltage with a5 % fifth harmonic distortion.

Figure 9.a shows the simulation results with the RLC load with an ideal purely sinusoidal grid voltage. The upper two
graphs show the evolution of the PCC voltage and of the current injected by the inverter. The bottom graph depicts the
instant in which islanding occurs (=300 ms) and when the proposed method detects it. The middle graph represents the
evolution of the measured variable H. It can be noticed that the inverter disconnection takes place within the time
defined by the standards [47]. Figures 9.b and 9.c depict the response of the proposed islanding algorithm with a
distorted grid voltage. In al cases the disconnection time is less than 705 ms.

Figure 10 shows the simulation with a R load and an ideal purely sinusoidal grid voltage. The detection time in the case

of theresistive load (less than 110 ms) is slightly higher than that of the RLC case.
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Fig. 9 Simulation results with an RLC load (0=3.289). (a) ideal purely sinusoidal grid voltage. (b) grid voltage with a 5% third

harmonic distortion. (c) grid voltage with a 5% fifth harmonic distortion.
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Fig. 10 Simulation results with R load. (a) ideal purely sinusoidal grid voltage. (b) grid voltage with a 5% third harmonic distortion.
(c) grid voltage with a 5% fifth harmonic distortion.
For both kinds of loads the detection time of the method is inside the safety margin time defined by standard |EEE 929-
2000.
Figure 11 shows the simulation results with a nonlinear load consisting of a single phase half-wave rectifier with a
capacitive filter of 47 uF in parallel with aload resistance of 450 Q. The crest factor of thisload is FC=3.5. It has been
added to the PCC an additional resistive load of 550 Q. The value of the second harmonic of the load current

(rectifier+resistive load) is close to 50 %. The resulting disconnection time is 105 ms.
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Fig. 11 Simulation results with anonlinear load and ideal purely sinusoidal grid voltage.
Figures 12 and 13 show the simulation results with the previously described parallel RLC load (0=3.289, R=226.67 @,
L=220 mH, C=45 uF) and a highly distorted grid voltage (5 % third harmonic and 5 %; fifth harmonic). The proposed
method is compared with other islanding detection methods such as SVS [11] [19] [22] [23] [26], Active Power
Variation method [10] [24] [25] [26], SFS[11] [19] and GEFS [25] [27]. In the SVS method parameter Kv adjusts the
response time of the algorithm. In the Active Power Variation Method parameter Kv increases or decreases dP
proportionally to the voltage variation. In the SFS method K7 is a constant that accelerates the islanding detection. The
proposed method has the shortest disconnection time among all methods, wheresas its transient effect on the DC-link

voltage isthe smallest.
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Fig. 12 Simulation results with RLC load. (a) Proposed Anti-lslanding Method. (b) SVS Method (Kv=7). (c) Active Power Variation

Method (Kv=15).
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Fig. 13 Simulation results with RLC load. (a) SFS Method (Kf=8). (b) GEFS Method.

V. EXPERIMENTAL RESULTS

The proposed detection technique has been tested using an experimental setup where an 1-V curve of a commercial PV
array has been programmed on a controllable DC source AMREL SPS 800-12 DO13. The parameters of the inverter
have been shown in table 1. The transfer functions of the controllers of the inverter can be found in table 2. These
controllers have been discretized by means of the Tustin method. The sampling frequency is 40 kHz. The control runs
on ageneral purpose board designed for the DSP of Texas Intruments TM S320F2812.

Experiments were performed on areal grid voltage scenario with a THDy, of 3.4 % (measured up to 1.2 kHz) with the

values shown in Figure 14, measured by means of a Fluke 43B Power Quality Analyzer.

ARMOHICOS

FREQUENCY Harmonics %

100 Hz 0,0197
150 Hz 2,8194
250 Hz 1,8338
THDy 3.4 %
S S smraimassssrdidsds Vrms 225.3V

AMPS : WATTS

Fig. 14. Grid voltage properties.



Figure 15 (a) shows the system behavior, without disconnecting the inverter when the Islanding situation is produced,
with the RLC load described in section IV. In this case the voltage and frequency perturbation of the system after the
islanding situation is not detected by passive methods (Over/under-voltage and over/under-frequency). The upper two
waveforms show the evolution of the current injected by the inverter and of the voltage at the local RLC load. The
bottom waveform represents the instant when the idanding situation is produced. This signal goes low at the moment
when the grid is disconnected from the local RLC load. In this case the inverter is allowed to feed the local load after
the idlanding situation. Figure 15 (b) shows the behavior of the output of the Goertzel filter, Ay;, inside a DSP variable.
It is observed that the change of this magnitude is easily detectable. Despite the decrease of the PCC rms voltage and
the increase of the rms output current when the grid is disconnected from the system, the PCC voltage and frequency
values keep inside the levels set by the standard EN 50160, so that passive techniques would not detect the islanding
situation. In this situation, the inverter would continue feeding the local loads as shown in Figure 15 (a). Therefore, an

active islanding detection technique is necessary to disconnect the inverter.
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Fig. 15. (a) System behavior in islanding situation without disconnection, with RLC load. Up: inverter output current, 2 A/div.
Center: Voltage at the local 1oad, 200 V/div. Down: Grid disconnection signdl, 5 V/div. Time scale: 200 ms/div. (b) Behavior of the
scaled (x 3) averaged output of the Goertzel filter, Ay,, inside the DSP.
Experimental results with disconnection of the inverter after islanding detection are shown in Figure 16. Figure 16 (a)
depicts the operation of the proposed method with an RLC local load with a quality factor O = 3.289 (R = 226.67 £ L
=220 mH, C = 45 uF), as described in section V. The upper two waveforms show the evolution of the current injected
by the inverter and of the voltage at the local RLC load. The bottom waveform depicts the instant at which islanding

occurs (high to low transition of this waveform). In this case the method is able to detect the islanding situation and stop

the power generation in 110ms. In Figure 16 (b) the experimental results with an R load (R=226.67 £2) are shown,



yielding similar conclusions to those of Figure 16 (a). It can be observed that the detection time hardly depends on the

kind of load. This detection time widely meets the safety margins established by the standard | EEE 929-2000.
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Fig. 16 Experimental results. (a) RLC Load. Up: inverter output current, 2 4/div. Center: Voltage at the local load, 500 V/div. Down:
Grid disconnection signal, 5 V/div. Time scale: 50 ms/div. (b) R Load. Up: inverter output current, 2 4/div. Center: Voltage at the

local load, 500 V/div. Down: Grid disconnection signal, 5 V/div. Time scale: 20 ms/div.

The run-time of the proposed detection algorithm on the DSP is 11.2 us, whereas the available computation time is 25
us (20 kHz switching frequency, 40 kHz sampling frequency and double update PWM [49]), working with a 150MHz
machine cycle. The run-time of the control loop without the detection algorithm on the DSPis /3.8 us.

The distortion of the current injected by the inverter, THD;, is only incremented 0.6 % at full power when the
disturbance of the anti-islanding algorithm is applied. The power factor is almost not affected by the anti-islanding
method.

Table 3 shows a comparison of the trip time in the inverter under study with severa active anti-isanding methods
presented in the literature [25], [50].

Table 3. Trip timein the inverter under study with several active anti-islanding methods

Method Trip time
Active power variation 0.3 swithKv =10
Reactive power variation 0.65 s with K= 60
Current Harmonic Injection 0.1-0.2 s in function of set threshold
GEFs 0.2s

PLL Perturbation (proposed) 0.105t00.115s

V. CONCLUSIONS

A new idanding detection method has been proposed based on adding a small second harmonic disturbance to the
current injected by the inverter in distributed power generation systems. When the grid is disconnected (islanding
situation), the PCC voltage follows the waveform of the current injected by the inverter, so that a small voltage second

harmonic can be detected. The proposed islanding detection method is based on measuring this second harmonic of the



PCC voltage waveform by means of the Goertzel algorithm. The method is validated by means of both simulation and

experimental results on a 230W single phase inverter. A distorted grid voltage has been considered. The proposed

method works well even with high quality factor local loads.

The advantages of the proposed method are the following:

- An insignificant perturbation is injected in steady state, which does not affect the grid stability. The inverter injects

neither significant current harmonics nor reactive power when using this method.

- Similar results with any type of load (R, RLC ...).

- Small detection times (less than 120ms).

- The method works well even if thereis a huge second order harmonic load current, up to values close to 55%.
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