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two most important active anti-islanding detection methods which are the
slip mode shift frequency (SMS) and Sandia frequency shift (SFS). The
comparison is proved in detail through the simulation of the proposed
single-phase photovoltaic (PV) system in the Matlab/Simulink. The
obtained results show that islanding operation can be successfully detected
and prevented using the studied active methods with adequate values for

grid power and local load quality factor. In addition, adequate parameters
of each method lead to reduce the non-detection zone (NDZ) and prevent
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1. INTRODUCTION

Islanding is a phenomenon when a portion of a utility that contains both loads and distributed generation (DG)
systems is isolated from the grid and keeps working on. Islanding is generally undesirable due to the fact that it
creates a safety hazard to the service personnel or can conduct to asynchronous reclose that can damage the
equipment [1]. Because of these risks, utilities and applicable codes and standards such as IEC 62116, IEEE Std.
929, and IEEE Std. 1547 have been established [2]. Effective and reliable anti-islanding detection methods are
employed according to the IEEE Std. 929 [1] to deal with islanding operation and propose a procedure for testing
the DG and protecting the system.

Passive methods are developed for islanding detection [3]. They are based on the system parameters
measurement like under/over voltage (UOV) and under/over frequency (UOF) [4]. The effectiveness of the
passive methods depends on the monitoring parameters thresholds to identify the islanding mode. The voltage
threshold is between 88% and 110% of nominal value and the frequency threshold is set between 59.3 Hz and
60.5 Hz [1]. The main disadvantage of the passive methods is a large non-detection zone (NDZ) [5] so this later
phenomenal effect is not surmounted using passive methods.
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To avoid this situation, active methods have been proposed. These active anti-islanding methods introduce a
small perturbation at the point of common coupling (PCC) to minimize the so-called NDZ [5-7]. This domain
means islanding phenomenon detection methods, especially active methods, have attracted a lot of research.
There are also hybrid islanding methods like [8], [9], and [10] and anti-islanding techniques specially adapted for
microgrids [11-14].

NDZ systems were implemented using a rather simple methodology, specifically for passive methods [5].
Reference [15] showed a detailed description of the three common active methods and their NDZ in the load
parameter space based on the quality factor (Qy) versus resonant frequencies (fo) and evaluated their
performance.

The systems based on photovoltaic (PV) sources as current source and grid-connected as voltage source have
been a subject of interest for many researchers, but it can adversely affect the effectiveness of the systems by
using a complete PV source and boost converter with maximum power point tracking (MPPT) to rise the PV
system performance. It has been noted the existence of a few related researches on this domain, however they are
limited since they are considering a voltage source in the place of a PV array thus, the effects of radiation and
shading are not presented and, without them, the results may be wrong or uncertain.

This paper aims at comparing and evaluating the performance of two common active methods namely Sandia
frequency shift (SFS) [6] and slip mode shift frequency (SMS) [16] applied on an effective system under
islanding mode to locate their boundaries. These may give appropriate values for detection time and may offer
correct boundaries of each method when compared with conventional state. In this study, the SFS and SMS
methods are investigated with more details and with different cases to cover all possibilities for each method.
The NDZ and quality factor influence of each method are also investigated in this work for different cases. These
methods are carried out on a proposed 3.5 kW single-phase grid connected PV system with a DC-AC PV
inverter with Perturb and Observe (P&O) MPPT controller [17] and an active anti-islanding detection unit, a 240
V utility grid, and a parallel RLC load which has parameters to make the Orequals to 2.5 [6, 15]. In this case all
parameters are taken according to IEEE Std. 929 and the proposed model designed under the Matlab/Simulink
environment is adaptable under other standardizations.

The paper has the following structure. Section 2 presents the studied PV system under islanding, including the
implemented simulation model in Matlab/Simulink. Section 3 presents the simulation results. The last section of
the paper presents the main conclusions.

The purpose of the paper is to find out which of the two methods is better to use in relation to the detection time,
the quality of signal, and the limits of each one of them. Furthermore, this study may provide a broad overview
of how these approaches interact with the passive ones, leading to a fresh viewpoint on how to implement
methods and the development of additional, less-applicable, and more successful hybridization techniques.

2. EXPERIMENTAL SETUP

2.1. Modeling of PV-based DG systems considering islanding

Usually, a PV-based DG unit consists of a PV solar array, a DC-AC PV inverter, a parallel RLC load and a
switch like a circuit-breaker or a fuse. Islanding operation of a PV-based DG unit can be produced when a part of
the electric grid is disconnected to the main power grid while the nearby DG unit still powers it. Figure 1 and
Figure 2 [18] depicts a PV-based DG system in normal and islanding operation modes, respectively. Next, the
main components of the studied PV system are presented.
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Fig. 1. Single PV inverter system in grid-connected configuration [18].
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Fig. 2. Single PV inverter system configuration with islanding phenomenon mode [18].

2.1.1. DC-AC inverter
The single-phase full-bridge DC-AC inverter [19] converts the 400 V DC output voltage into 240 V AC at 60 Hz
grid frequency.

2.1.2. Control strategy

The control system contains: a MPPT controller, a DC voltage regulator, a current regulator, a phase-locked loop
(PLL) unit for grid synchronization, a PWM modulator, and the anti-islanding detection unit with studied active
methods which disconnect the PV inverter using passive UOV/UOF relays. The MPPT extract the maximum
power from a PV system in various weather conditions [17].

2.1.3. Sandia frequency shift method

The SFS method improves the performance of the active frequency drift technique by adding positive feedback
to drift faster the frequency away from the nominal grid frequency. Consequently, the NDZ of the SFS method is
significantly reduced. The SFS inverter current is expressed by [15, 20]:

[SFS = \/EIS]H[Zﬂﬁ+0SFs] (1)

where / is the PCC current, f'is the PCC frequency, ¢ is the time, and srs is the phase angle of SFS method. The
phase angle fsxs for SFS method is expressed by [20]:

Osps = (2)

cf0+k(f—fg)
2

where ¢y, represents the initial chopping factor, £ is a positive feedback gain which allows adjusting the islanding

detection time, and f; is the nominal frequency of the grid (60 Hz). The chopping factor ¢ is varied according to
the measured frequency drift [15]:

cf:cf0+k(f—fg) 3)

2.1.3. Slip mode phase shift method
The SMS method changes the inverter phase angle current with the variation of measured frequency with respect
to the nominal grid frequency [20]. The phase angle is given by [7]:

2z (7 =1
Oy = —0 ZL2J0 4
SMS = 360 msm[2fm—foj 4)

where f,, is the frequency when 6,, increase and f,, - fy= 3 Hz [16]. The SMS inverter current is [7]:
Igys =N21sin[27 ft + O] 5)

To cover islanding, a typical load curve of a PV inverter as in Figure 3 is considered. The shape of the frequency
phase curve in Figure 3 for the interval of 59.3 — 60.5 Hz is sinusoidal and the load line represented as a parallel
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RLC load has a negative slope. In the grid-connected mode, the current phase is determined by the grid
frequency without taking into account the load line [7]. When an islanding situation happens, the frequency
movement is different up or down to the zero point which is situated in the intersection of load line and SMS line
in Figure 3 [7]. This islanding condition is happened when [15]:

d‘gload
df

< 9sus

< (6)
f:fg df

f:fg
where 0044 1s the load phase angle. From [7] and [15] it results:

0222000

If the PCC frequency decreases after the grid interruption, then it continuously decreases until it is sensed by the
under frequency relay [7].
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Fig. 3. SMS line and local load line.

2.1.3. Passive disconnection relay concept

The islanding detection algorithm works on the principle of UOV and UOF prevention after that the islanding is
detected by the used active methods. The NDZ principle of the passive techniques is illustrated in Figure 4. Vin,
Vinaxs fmin, and frax are the UOV and UOF boundaries.
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Fig. 4. NDZ for UOV and UOF passive techniques: UVP—under voltage protection, OVP—over voltage
protection; UFP—under frequency protection; OFP—over frequency protection.

2.2. Modeling of PV-based DG systems considering islanding

A model of PV inverter using the SFS and SMS anti-islanding methods is developed under the Matlab/Simulink
environment and shown in Figure 5. Figure 5 depicts the block diagram of the studied single-phase
transformerless grid-connected PV system developed based on the model from [21], which consists of a 3.5-kW
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PV array, a PWM-controlled single-phase DC-AC converter (inverter) with P&O MPPT method and injected by
current of anti-islanding method, a block to measure the voltage and the frequency which normally generates a
fault signal to disconnect the PV inverter based on the UOV and UOF passive methods, and a LCL grid-side
filter. In this paper, the exact time of disconnection is given by an independent Clock block, which allows the
comparison between each islanding PV inverter disconnection time. The parameters of the proposed grid-
connected PV system are specified in Table 1.

Node (PCC
PV DC-AC oip (0
e Breaker
y PV Inverter Ve Vrce
I Jrec
T PWM
RLC
MPPT Controller, Load
DC Voltage Regulator, UOV/UOF
W’ Current Regulator, PLL, «————— Passive Relays
i PWM Modulator, Fault Signal

Anti-Islanding Protection

X | SMS Method
Reference Current
SFS Method

Anti-islanding methods
Fig. 5. Block diagram of the single-phase grid-connected PV system applying the studied anti-islanding methods.

The passive methods are realized as in [22]. Figure 6 and Figure 7 illustrate the implemented models in Simulink
of the SFS and SMS active methods which are published in the literature as stated above.
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Fig. 6. Simulink block of SFS method.
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Fig. 7. Simulink block of SMS method.
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Table 1. System parameters in compliance with the IEEE Std. 929

Parameter Values
Nominal line frequency (f;) [Hz] 60

Grid voltage (V5) [V] 240

‘fmin/ﬁnax [HZ] 59.3/60.5
Vinind Vinax [V] 211.2/264
DG output power [kW] 3.5

Input DC voltage [V] 434

Grid side inductor of the LCL grid filter [mH] 1.73

PV inverter side inductor of the LCL grid filter [uH] 12
Capacitor of the LCL grid filter [uF] 15

RLC Active power (P) [kW] 3.5

Load Inductive reactive power (positive var): (Q)) [kVar] |8.750

Capacitive reactive power/negative var: (Q.) [kVar] | 8.750

Quality factor (Q)) 2.5

3. SIMULATION RESULTS AND DISCUSSION

3.1. Influence of the non-detection zone

The NDZ for each method is determined by frequency as a function of Q. Figure 8 and Figure 9 presents exactly
the NDZ of the studied system with SMS and SFS methods and their different parameters in the /- Oy curve and
with UFP/OFP limits (f'= 60.5 Hz/f= 59.3 Hz), respectively. The steady state frequency of the island DG system
will be out of the limits of the frequency relays according to the previous equations and the inverter will be then
tripped. The intersections of the obtained curves with the UFP/OFP lines form the NDZ of each method.
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Fig. 8. NDZ of the SMS method.
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Fig. 9. NDZ of the SFS method.
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The studied methods have different NDZ. However, the SMS and SFS methods have the same NDZ for Orequal
to or greater than 10. For the QO less than this value the specific parameters of each method (phase angle 8sys for
SMS and cand ¢, for SFS) give much interaction.

3.2. Influence of the quality factor

The quality factor Oy for a parallel RLC load is the ratio between the stored energy and dissipated energy per
cycle for a given frequency [1, 15]. Figure 10 presents the load phase angle 6,4, versus frequency curves for
loads with different Or and resonant frequencies fy for a parallel RLC load. As can be observed in Figure 10, the
load impedance varies for different frequencies. Figure 11 presents the current-voltage phase-angle of the load
versus frequency f and different Oy and resonant frequencies f. It can be seen from Figure 11 that for large
values of Qrthe load resonant frequency has more effect on phase load output. The obtained results presented in
Figure 10 and Figure 11 contribute to the performance of the grid-connected PV system. Note that the Oy in the
figures is given by logarithmic scale.
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Fig. 10. Load-impedance phase-angle versus grid frequency.
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The influence of Oy is bigger for the small value less than 10 and NDZ forms changed in relation to their
essential parameters. However, for greater values of Orthan 10, the Orinfluence is the same for both methods.
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3.3. Comparative simulation results

More simulation tests are carried out using the developed PV system model in Matlab/Simulink according to the
electrical schematic from Figure 5. The islanding mode is marked at # = 0.5 s. The NDZ of each method has been
evaluated considering 0.88 p.u. to 1.1 p.u. and 59.3 Hz to 60.5 Hz as limits for UOV/UOF blocks and Oy= 2.5.
The SFS method has been considered for three cases of Ksrs: 0 Hz ™!, 0.1 Hz'!, and 0.5 Hz'!. In the case of the
SMS method, three values of 6, have been considered (5°, 10°, and 25°), where the RLC load values are
presented in Table 1.

According to the IEEE Std. 929, the grid breaker opens after 6 cycles from the beginning to ensure the island
mode [15]. In this study, the fault signal is not connected to the circuit breaker of the PV inverter to disconnect it
after islanding detection and the PV system continues to supply the grid to show how the main grid parameters
vary in PCC after islanding.

3.3.1. SFS method results

Figure 12 shows the voltage, current, active power, and reactive power variations of the SFS anti-islanding
method and for varied values of Ksrs (0 Hz!, 0.1 Hz!, and 0.5 Hz!). Figure 13 also presents the frequency
variation with the same parameters.

The largest islanding detection time was ¢ = 181.57 ms in the case of Ksrs= 0 Hz™!. The smallest detection time
was obtained in the case of Ksps= 0.1 Hz™!' (t = 75.1 ms). Moreover, the PV power inverter loses its stability after
the frequency point of islanding detection for all chosen values of Ksrs parameter and the islanding mode is
quickly detected.

350 28 . .
= -1
26 - Ksps =0 Hz
0y N ] - -1
” Kgps =0.1 Hz’1
a5y - _ Kgps = 0.5 Hz
— I ==, < 22 1
2 " £
P $ 20 -
D 200 - E
£ 5
° Q 18 A
> e, o [~ all |
150 | ———————— 16 Blinatien W K j
Kgeg = 0Hz
100 [reeeeeeees Kypg = 0.1 Hz! 14 1
= -1 4
Kgpg = 0.5 Hz \ 12
50 ‘ ‘ ‘ ‘ ‘ L 10 | I | I |
04 05 08 0.7 08 09 1 0.4 05 0.6 07 08 09 1
Time (s) Time (s)
(b)
8000 2000
7000
6000 - 1000
s | 5
S 5000 - =
. 5 04
£ 4000 - 2
° o
o o
o 3000 - o
% 2Z -1000 -
ik (5]
& 2000 3
[
1000 - 2000
0
-1000 . ‘ ‘ : ‘ -3000
0.4 05 0.6 07 08 0.9 1 04
Time (s) Time (s)
(©) (d)

Fig. 12. Islanding test for SFS method with different values of Ksrs parameter. (a) PCC voltage. (b) PCC current.
(c) Active power. (d) Reactive power.
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Fig. 13. Frequency variation waveforms in the case of an islanding test for SFS method with different values of
Ksrs.

3.3.2. SMS method results

Similar islanding tests were performed for the grid-connected PV system with SMS method and different values
for 6, (5°, 10°, and 25°). Figure 14 show the system response with SMS method: Vpcc voltage, Ipy current, active
power, and reactive power for different 8,, values under the same conditions of the SFS methods, while Figure
15 shows the frequency response of the PV system with SMS method under the same variations of 6,, parameter.
The breaker is opened at # = 0.5 s. The best condition is obtained for 9,,= 25° (islanding detection time = 152.4
ms). It is noted that for 8,, = 5° and 6,, = 10°, the voltage frequency frcc decreased and became lower than the
UFP set point after the grid disconnection. The frequency exceeds the lower limits of frequency at 273 ms and
314.8 ms, respectively. These islanding detection times are very slow compared to the 6,,=25° case.
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Fig. 14. Islanding test for SMS method with different values of parameter: (a) PCC voltage; (b) PCC current; (c)

Active power variation; (d) Reactive power variation.
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According to the IEEE Std. 929 (f., - f; = 3 Hz), the worst case occurs when the load has Oy= 2.5, which is not
verified for 8,,= 5 and verified when 6,, = 25° and 6,,= 10°; that prove the simulation results in this work.

The obtained results are presented in Table 2. The essential parameters of the studied active anti-islanding
methods have been varied within the 2 s required by the IEEE Std. 929 and IEEE Std. 1547.1 [23].

Table 2. Simulation results

Active anti-islanding Parameters Detection time Islanding detection
method state
Ksrs=0 Hz'! 111.6 ms work
SFS Ksrs=0.1 Hz! 75.1 ms work
Ksrs= 0.5 Hz'! 91. ms work
0,=5° 273 ms work
SMS On=10° 314.8 ms work
On=25° 152.4 ms work

In order to select the right parameters for each technique, it is intended to demonstrate that the parameters and
the methods under study interact. This study shows that the anti-islanding methods employed have a substantial
correlation with their self-parameters (¢ in the case of SFS and 6,, in the case of SMS).

4. CONCLUSIONS

This paper compared two active islanding techniques, the SMS and SFS methods. These techniques have
demonstrated their impact on islanding detection, in a proposed system composed of a single-phase
transformerless grid-connected PV system. Each approach is unique has benefits and disadvantages. They have
certain limitations that can be improved using the hybridization technique with other passive methods which give
different interactions with voltage, current, frequency, or even active and reactive power. The relationship
between under/over current, voltage, and frequency is demonstrated to be distinct. The hybridization with
passive methods can open a new horizon in the improvement of methods. It is recommended to use both methods
in the case of a multi inverter system to benefit from both methods' advantages as in [9].

The following conclusions can be made in the light of the preceding results:

- The simulation results of these islanding detection methods have been mapped to compare between
them and to compare the same method with their parameters to verify their compatibility with the system, which
is a PV system with PWM controlled single-stage PV inverter and MPPT controller.

- Mathematical proofs and the results obtained confirm the performance of the studied anti-islanding
methods under varying parameters for frequency, local load, and for the methods themselves.

- The NDZ for each method is also highlighted for different cases where satisfactory results are
obtained.
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- There is a small deviation in the islanding detection time of each method, which does not exceed the
condition of 2 s required by the IEEE Std. 929 and IEEE Std. 1547.1 for successful detection. This proves the
performance and effectiveness of these active methods. In case of failure in detection, this small deviation in
islanding detection can highlight the limits of the applied methods.

- The results show that SMS and SFS methods provide good islanding detection. The SFS method
requires an active power change greater than the reactive power change required by the SMS method. Therefore,
if it is not possible to implement both methods at the same time, it is recommended to implement the SMS
method.

- This study can be considered as bibliography for further research. Future investigations can include
experimental research and studies using multiple PV inverters configurations in both cases simulation and
experimentation.
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