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Figure 1. Hybrid power system network incorporating wind and solar energy plants.

Table 1. Feeder Data of Hybrid Grid.

Node A Node B Length of Feeder (m) Configuration of Feeder

632 645 152.40 601
632 633 152.40 601
633 634 0 XFM
645 646 91.440 601
650 632 609.60 601
684 652 243.84 606
632 671 609.60 601
671 684 680.00 601
671 692 0 Switch
684 611 91.44 601
692 675 152.40 606
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Table 2. Loading Data of Hybrid Grid.

Nodes Load Model
Load Capacitor Banks

kW kVAr (kVAr)

634 Y-PQ 400 290
645 Y-PQ 170 125
646 Y-PQ 230 132
652 Y-PQ 128 86
671 Y-PQ 1155 660
675 Y-PQ 843 462 600
692 Y-PQ 170 151
611 Y-PQ 170 80 100
632–671 Y-PQ 200 116

Test network of the hybrid grid with RE penetration is integrated to the network of utility grid
using a transformer designated as TRFG. A transformer designated as TRFF is used as interconnecting
transformer (ICT) between the nodes 633 and 634 of hybrid grid. Parameters of transformers used in
the hybrid grid are provided in Table 3.

Table 3. Transformer Parameters of Hybrid Grid with RE Penetration.

Transformer MVA kV kV HV Winding LV Winding

High Low R(Ω) X(Ω) R(Ω) X(Ω)

TRFG 10 115 4.16 29.095 211.60 0.1142 0.8306
TRFF 5 4.16 0.48 0.3807 2.7688 0.0510 0.0042
TRFS 1 4.16 0.260 0.1730 195.70 0.0007 0.7645
TRFW 5 4.16 0.48 0.3807 2.7688 0.0510 0.0042

Protection schemes PS-1 and PS-2 are installed at nodes 650 and 680 (PCC), respectively of the
hybrid grid. These schemes will be used to disconnect the test hybrid grid and RE generators from
the network of utility grid during the faulty events. Voltage and currents are continuously processed
using the proposed algorithm and tripping signals are given to the respective circuit breaker (CB)
if fault is detected. Protection schemes may be installed at any node of the hybrid grid by looking
towards the actual requirement of protection. This algorithm will work well for all the locations of
hybrid grid using a suitable weight factor for the proposed fault index. Results are discussed in detail
for the protection scheme PS-1.

2.1. Wind Energy Conversion System

The wind energy conversion system (WECS) is comprised of a wind turbine, a doubly fed
induction generator (DFIG) and a converter system. Kinetic energy of the wind is converted into
mechanical energy of wind turbine shaft, which is converted into the electrical energy using the DFIG,
coupled mechanically to the shaft of wind turbine. WECS consists of DFIG, with the capacity of 1.5 MW
and operating at 60 Hz frequency with output voltage of 575V [20]. Rated wind speed equal to 11 m/s
is considered and generators have the following data: H (inertia constant)= 0.685 s, Rs = 0.023 pu,
Ls = 0.18 pu, Rr = 0.016 pu, Lr = 0.016 pu, Lm = 2.9 pu. Wind turbine, DFIG and their control
systems were modelled using the parameters reported in [21,22].

2.2. Solar Photovoltaic System

The solar photovoltaic (PV) plant consists of components such as solar PV plates, boost converter,
maximum power point tracking (MPPT) system, inverter, transformer, grid coupling inductor and
capacitor. The solar panel where actual power is generated (solar to electrical energy transformation)
comprises of series and parallel combinations of solar cells. Solar cell is fabricated in a thin layer of

101



Energies 2020, 13, 1120

semiconductor in the form of p-n junction (p-n diode), which has the same operational characteristics
as the p-n junction diode. Characteristics are dependent on the quantity of solar radiations and
temperature of PV plates. A single diode equivalent model of solar PV cell with parallel and series
resistances is used in this study and illustrated in Figure 2. This is simple in nature and has sufficient
accuracy [23]. This solar PV system is interfaced to the test system to design a hybrid grid.

Figure 2. Solar cell modelled using single diode equivalent.

The solar PV plant of capacity 1 MW is formed using the ten units (each with capacity 100 kW)
and integrated in parallel. The output voltage (V) of a solar cell (single-diode equivalent circuit) is
related to the output current (I) as per following relation [24].

I = Iph − I0

{
exp

[
q(V + IRs)

AkT

]
− 1

}
−

(
V + IRs

Rsh

)
(3)

where Iph: photo-current of solar PV cell, I0: saturation current of PV cell, A: curve fitting factor of
PV cell, Rsh: shunt resistance of PV cell, Rs: series resistance of PV cell, q: electronic charge, and k:
Boltzmann constant.

Magnitude of Rsh is infinite at short circuit conditions. At this condition slope of I-V characteristics
tends to zero [24]. Hence, Iph is equal to short circuit current (Isc) [23]. For a PV array organized in Np

parallel and Ns series connected solar cells, the current is expressed as below.

I = Np Isc − Np I0

{
exp

[
q(V + I(Ns/Np)Rs)

Ns AkT

]
− 1

}
(4)

Parameters simulated in this study for each module (at standard test condition) are as Voc = 64.2V,
Isc = 5.96A, Vmp = 54.7V, Imp = 5.58A, Rs = 0.037998Ω, Rsh = 993.51Ω, I0 = 1.1753e−8 A, diode
quality factor Qd = 1.3, and Iph = 5.9602A [25]. The Vmp and Imp are respectively the voltage and
current at point of maximum power tracking.

3. The Proposed Algorithm for the Protection Scheme

The algorithm for the recognition of faults in the hybrid power system, incorporated with RE
sources, is based on features that are extracted from both the voltage and current signals. The proposed
algorithm is implemented in two steps, where in first step faults are detected and in second step, faults
are classified. Furthermore, detection of the faults is also performed in two steps, where current-based
Wigner distribution index (WD-index) and voltage-based alienation index (ALN-index) are evaluated.
The WD-index and ALN-index are multiplied to obtain the proposed fault index (FI), which is found
to be effective for the discrimination of faulty events from healthy condition as well as faulty phase
from healthy phase. The FI corresponding to the faulty phase will have a higher magnitude compared
to the set threshold magnitude (TM) and it has a lower value than TM corresponding to the healthy
phase during all conditions. The algorithm was tested on 30 sets of data for each fault type to set a
threshold value of 5000. The data set is obtained by changing the parameters including fault impedance,
incidence angle of fault, location of faults at various nodes of hybrid grid, presence of noise on both
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voltage and current signals etc. Classification of the faults is achieved by estimating the number
of faulty phases. However, a ground fault index (GFI) using Wigner distribution function based
decomposition of negative sequence current signals is introduced for discriminating double phase
fault, with and without the involvement of ground. Deviations in the patterns of current and voltage
waveforms during faulty events were used for the identification of faults using proposed algorithm;
therefore there is no requirement for parameter normalization. The performance of the algorithm
will be affected by the power network configuration and penetration level of the RE. However, the
algorithm can be used in the different network configurations and RE penetration levels by changing
the threshold magnitude. All steps of algorithm are described with the help of flow chart as illustrated
in Figure 3. FI, GFI, current-based WD-index and voltage-based ALN-index are described below. The
study is performed in MATLAB/Simulink 2017a software environment on a laptop computer which
has a 64 bit operating system, RAM of 4 GB, and Intel (I) Core(TM) i5-3230M CPU@2.60 GHz processor.

START

Record three phase voltage and current signals at node
650 of test system and evaluate zero sequence current

Evaluate Winger distribution of current signals
over a moving window of quarter cycle

Evaluate WD-index using Winger distribution
matrix of current signals

Evaluate FI using element by element multiplication of
WD-index and ALN-index

Estimate number of faulty phases (N ) by comparing

FI of each phase with TM
FP

Is
=0N

?
FP
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=2N

?
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GFI>TMGFI
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=1N

?
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2P Fault2PG Fault
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3PG Fault
No
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Evaluate ALN-index
using three phase voltage

signals over a moving
window of quarter cycle
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currents over a moving window of quarter cycle

and evaluate ground fault index (GFI)

Yes

Figure 3. The algorithm for the recognition of faults on the hybrid power system incorporating
renewable energy.
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3.1. Current Based Wigner Distribution Index

Wigner distribution function (WDF) is a phase space distribution function. This is effective
in description of signal in a space and frequency at the same time. This can be considered to be a
local frequency spectrum of the signal. This can be used for processing of both deterministic and
stochastic signals. The WDF is effective in providing local frequency spectrum of the signal. Hence, it
is most suitable for analysis of the faulty transients to identify the faulty events. The current signals
captured at node 650 are processed using Wigner distribution function over a quarter cycle with a
sampling frequency (SF) of 3.84 kHz. Window moving by one sample step is used for the continuous
computation of Wigner distribution. Absolute magnitude of the output is evaluated and designated as
WD-index. Energy density of current signal is used by the WD-index for estimation of the faults. This
is achieved by Bilinear analysis of current signal I(t) (in time domain ) twice. The WD-index has the
advantage of high concentration of energy as well as high resolution of time-frequency [26]. Following
relation effectively illustrates the evaluation of WD-index by processing the current signal (I(t)) [27].

WDindex =
∫ ∞

−∞
I(t +

τ

2
)I∗(t + τ

2
)e−jωτdτ (5)

here representations of symbols are as follows t: time (sliding variable); ω: signal angular frequency; τ:
time domain based signal function.

3.2. Voltage Based Alienation Index

Alienation index is computed using sample-based alienation coefficients of voltage signals at a SF
of 3.84 kHz and designated as ALN-index. This index is evaluated using the correlation coefficient (r)
between voltage magnitudes at two different time instants as detailed below.

ALNindex = 1 − r2 (6)

Here, r is the correlation coefficient between voltage variables x and y and can be expressed as
detailed below.

r =
Ns ∑ xy − (∑ x)(∑ y)√

[Ns ∑ x2 − (∑ x)2][Ns ∑ y2 − (∑ y)2]
(7)

here Ns is the numbers considered in a cycle (in this study Ns=64 is considered), x is the voltage
samples measured at time t0, y is the voltage samples measured at −T + t0 time where T is time period
of voltage signal [28,29]. The ALN-index is evaluated with the help of moving window technique
for the samples of quarter cycle. Implementation of this index is based on the comparison of data of
quarter cycle considered with the data of previous quarter cycle using a moving window (one sample
step). This index is effective in reducing the fault detection time because it has the merit of sharp
change at the time of fault incidence. This makes the protection scheme fast.

3.3. Fault Index Based on Voltage and Current Features

A fault index (FI), based on the features of both voltage and current is introduced for recognition
of faults in the hybrid power system with RE penetration. This index is computed using element to
element multiplication of ALN-index and WD-index as detailed in the following relation.

FI = (ALNindex)× (WDindex) (8)

The proposed FI effectively identifies the different nature of faults in the hybrid power network
with RE penetration by good accuracy and minimum time. This is achieved by comparing the
magnitude of FI with pre-set threshold magnitude (TM). Individual application of ALN-index will not
detect any type of fault due to its same value for all phases for all the events. However, application of

104



Energies 2020, 13, 1120

WD-index individually will recognize the faults but time of fault identification will be low, which will
reduce the protection speed. Hence, FI combines the merits of both ALN-index and WD-index.

3.4. Ground Fault Index

Faults 2P and 2PG cannot be differentiated from each other based on the number of faulty phases.
This is achieved by introducing the ground fault index (GFI), which is obtained by processing the
zero sequence component of the current signal sampled at the frequency of 3.84 kHz using Wigner
distribution function as illustrated in Equation (5). A threshold magnitude for ground fault index
(TMGFI) is set equal to 2000 for differentiating the 2P and 2PG faults. Magnitude of GFI greater than
TMGFI will indicate the involvement of ground in the faulty event. Hence, values of GFI greater than
TMGFI detects the 2PG fault. However, values low compared to the TMGFI detects the 2P fault.

4. Faulty Event Recognition: Simulation Results

This section firstly elaborates the impacts of faulty events on performance of the hybrid grid and
requirement of protection schemes. Results of recognition of the faults with a different nature and
incidents in the hybrid power network with RE penetration are described and discussed in this section
Faults of different types are simulated at node 646 of test system. The current and voltage are recorded
at the location of protection scheme (PS-1) at node 650.

4.1. Impacts of Faulty Events on the Performance of Hybrid Grid and Requirement of Protection Schemes

To investigate the impacts of faulty events on the performance of hybrid grid, root mean square
(RMS) voltage at the node 650, frequency, power injected by solar PV system and wind power plant
into the hybrid grid during the event of PG (phase A) fault at node 646 at 6th cycle are illustrated in
Figure 4a–d, respectively. It is observed from Figure 4a that RMS voltage decreases during faulty event
whereas small deviations are observed in the frequency for short duration at the time of fault incidence
as depicted in Figure 4b. Power supplied by the solar PV and wind generators reduced as depicted in
Figure 4c,d, respectively. Hence, performance of the hybrid grid will be affected adversely, if faulty
events persist. Therefore, suitable protection scheme needs to be investigated and designed to isolate
the faulty section of the hybrid grid.

Figure 4. Phase to ground fault at the node 646 of hybrid power system network (a) root mean square
voltage (b) frequency (c) power injected by solar PV system into the hybrid grid (d) power injected by
wind power plant into the hybrid grid.
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4.2. Phase to Ground Fault

The phase to ground (PG) fault is simulated on phase A at 0.1 s at node 646. Current and voltage
signals captured at node 650 for the period of 0.2 s (12 cycles) are detailed in Figure 5a,b, respectively.
Current signals are processed using Wigner distribution function (WDF) and WD-index is computed,
which is described in Figure 5c. It is observed that WD-index corresponding to phase A has a high
magnitude after incidence of PG fault. However, this index, corresponding to phases B and C, has
values comparable to the pre-fault values. The ALN-index is computed from the voltage signals
and described in Figure 5d. It is concluded that the ALN-index corresponding to all phases sharply
increases just after the incidence of PG fault.

Figure 5e describes the FI corresponding to all the phases during the event of PG fault. It can be
inferred that FI corresponding to the faulty phase (phase A) has a higher magnitude compared to TM
after the incidence of PG fault. However, this FI corresponding to healthy phases (phases B and C) has a
lower magnitude compared to TM. Hence, the algorithm is found to be effective for the identification of
PG fault, discriminating the healthy and faulty phases. High resolution of FI is illustrated in Figure 5f.
It is observed that FI corresponding to phase A rises and crosses the TM after 6 × 10−4 s, whereas the
FI corresponding to healthy phases B and C remains below the threshold. Hence, the PG fault was
detected effectively in time duration, equal to 3.6% of the total time of the cycle.

Figure 5. Recognition of PG fault incident at the node 646 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

4.3. Double Phase Fault

The double phase (2P) fault is simulated on phases A and B at 0.1 s at node 646. Current and
voltage signals recorded at node 650 for the period of 0.2 s (12 cycles) are illustrated in Figure 6a,b
respectively. Current signals are processed using WDF and WD-index is computed which is detailed
in Figure 6c. It is observed that WD-index corresponding to phases A and B has a high magnitude
after incidence of 2P fault. However, this index corresponding to the phase C has values comparable
to the pre-fault values. The ALN-index is computed from the voltage signals and detailed in Figure 6d.
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It is inferred that ALN-index corresponding to all the phases sharply increases just after the incidence
of 2P fault.

Figure 6e details the FI corresponding to all phases during the event of 2P fault. It is seen that FI
corresponding to faulty phases (phases A and B) has a higher magnitude compared to TM, after the
incidence of 2P fault. However, FI corresponding to healthy phase (phase C) has a lower magnitude
as compared to TM. Hence, the algorithm is found to be effective for the identification of 2P fault
and the discrimination of healthy and faulty phases. High resolution of FI is illustrated in Figure 6f.
It is observed that FI corresponding to phases A and B rises and cross the TM after 7 × 10−5 s and
4 × 10−5 s, respectively, which are equal to 0.42% and 0.24% of the total time of a cycle in the same
order. FI corresponding to healthy phase C remains below the threshold. Hence, the 2P fault was
detected effectively in time duration equal to 0.42% of the total time of a cycle.

Figure 6. Recognition of 2P fault incident at node 646 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

4.4. Double Phase to Ground Fault

The double phase to ground (2PG) fault is simulated on phases A and B at 0.1 s at node 646.
Current and voltage signals recorded at node 650 for the period of 0.2 s (12 cycles) are described in
Figure 7a,b, respectively. Current signals are processed using WDF and WD-index is computed, which
is detailed in Figure 7c. This is observed that WD-index corresponding to phases A and B has a high
magnitude after incidence of 2PG fault. However, this index corresponding to the phase C has values
comparable to the pre-fault values. The ALN-index is computed from the voltage signals and detailed
in Figure 7d. This is inferred that ALN-index corresponding to all the phases, sharply increases just
after incidence of 2PG fault.

Figure 7e details the FI corresponding to all the phases, during the event of 2PG fault. It is seen
that FI corresponding to faulty phases (phases A and B) has a higher magnitude compared to TM after
the incidence of 2PG fault. However, FI corresponding to the healthy phase (phase C) has a lower
magnitude as compared to TM. Hence, the algorithm is found to be effective for the identification
of 2PG fault and for the discrimination of the healthy and faulty phases. High resolution of FI is
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illustrated in Figure 7f. It is observed that FI corresponding to phases A and B rises and cross the TM
after 8 × 10−5 s and 3 × 10−5 s, respectively, which are equal to 0.48% and 0.18% of total time of the
cycle in same order. FI corresponding to the healthy phase C remains below the threshold. Hence, the
2PG fault was detected effectively in time equal to 0.48% of the total time duration of the cycle.

Figure 7. Recognition of 2PG fault incident at node 646 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

4.5. Three Phase to Ground Fault

The three phase to ground (3PG) fault is simulated at 0.1 s at node 646. Current and voltage
signals recorded at node 650 for the period of 0.2 s (12 cycles) are described in Figure 8a,b, respectively.
Current signals are processed using Wigner distribution function (WDF) and WD-index is computed
which is detailed in Figure 8c. It is observed that WD-index corresponding to all phases has a high
magnitude after the incidence of 3PG fault. The ALN-index is computed from the voltage signals and
detailed in Figure 8d. It is concluded that ALN-index corresponding to all phases sharply increases
just after incidence of 3PG fault.

Figure 8e details the FI corresponding to all the phases during the event of 3PG fault. It is seen
that FI corresponding to all the phases has a higher magnitude compared to TM after the incidence of
3PG fault, which indicates that all the phases are faulty in nature. Hence, the algorithm is found to
be effective for the identification of 3PG fault. High resolution of FI is illustrated in Figure 8f. This
is observed that FI corresponding to phases A, B, and C rises and cross the TM after 1.7 × 10−4 s,
3 × 10−5 s and 7 × 105 s, respectively, which are equal to 1.02%, 0.18% and 0.42% of the total time of a
cycle in same order. Hence, the 3PG fault was detected effectively in a time duration equal to 1.02% of
the total time of a cycle.
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Figure 8. Recognition of 3PG fault incident at node 646 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

Therefore, it is established that all types of faults including PG, 2P, 2PG, and 3PG in the network of
the hybrid grid incorporated with RE were identified effectively by using proposed algorithm, within
time duration of (1/10)th of a cycle.

5. Fault Classification

Type of fault incident on the hybrid power grid in the presence of RE generation were identified
using the algorithm illustrated in Figure 3. The PG fault and 3PG fault were identified based on the
number of faulty phases, which are 1 and 3, respectively for the PG and 3PG faults. 2P and 2PG faults
are included in the same group using the number of faulty phases, identified based on the proposed
FI. These faults were classified using the proposed ground fault index as detailed in Figure 9. It is
observed that the magnitude of GFI is higher compared to the TMGFI (2000) for the 2PG fault event.
However, during the event of 2P fault, the GFI has values lower than the TMGFI. Hence, all the faults
were identified effectively using the proposed algorithm

Figure 9. Ground fault index for classification of 2P and 2PG faults.
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6. Implementation of the Algorithm to Recognize Faulty Events with Various Scenarios:
Case Studies

To generalize the implementation of proposed protection scheme to provide effective protections
for hybrid grid with RE penetration, algorithm was tested for recognition of the faults during various
scenarios such as fault location at different nodes of the hybrid grid, variations in fault impedance,
variations in fault incidence angle, effect of noise, effect of change in sampling frequency, effect of
transformers and effect of hybrid line with underground (UG) cable and overhead (OH) line sections.
The algorithm was also tested for identification of the faulty events by measuring voltage and current
signals at PCC. Detailed results for recognition of the PG fault during above mentioned scenarios are
discussed in following sections. The algorithm is equally applicable for all fault types.

6.1. Fault Location

Incidence of fault on a particular node/line of the hybrid grid affects the nature of faulty transients,
which ultimately affects the performance of fault recognition algorithm. To investigate this effect,
the algorithm was tested for the faults, simulated at various critical locations of the hybrid grid. FI
corresponding to all the phases during the PG fault event at various nodes of hybrid grid are tabulated
in Table 4.

Table 4. Fault Index at Different Nodes of Test System with PG Fault.

Test Node Fault Index Magnitude

Phase-A Phase-B Phase-C

646 5.055 × 104 332 1370
632 1.138 × 105 645 1855
634 5.001 × 104 348 998
652 4.956 × 104 1170 439
611 6.216 × 104 1491 1785
671 6.234 × 104 2711 2886
675 6.164 × 104 1529 2001

It can be observed from Table 4 that the FI corresponding to the faulty phase A is higher compared
to TM at all locations. However, healthy phases B and C have lower FI compared to TM. Hence,
PG faulty is effectively recognized at all nodes of the test hybrid grid with RE penetration. Detailed
discussion of PG fault at node 652 and 634 is presented in following subsections.

6.1.1. Fault on Node 652

The algorithm was tested for all the faulty events simulated at node 652 and found to be effective
for the recognition of these events. Position of this node is critical because there is hybrid combination
of line between this node and node 650 (where current and voltage are recorded), which consists of UG
cable and OH line sections. At the junction of UG cable and OH line, reflection of the faulty transient,
carrying travelling wave may take place, which might affect the performance of algorithm. Results of
PG fault simulated on phase A at 0.1 s on node 652 are included in Figure 10. Current and voltage
signals captured on node 650 for a period of 0.2 s (12 cycles) are detailed in Figure 10a,b, respectively.
Current signals are processed using WDF and WD-index is computed, which is described in Figure 10c.
It is observed that WD-index corresponding to phase A has a high magnitude after the incidence of
PG fault. However, this index corresponding to the phases B and C has values comparable to the
pre-fault values. The ALN-index is computed from the voltage signals and described in Figure 10d. It
is concluded that the ALN-index corresponding to all phases sharply increases just after the incidence
of PG fault.

Figure 5e describes the FI corresponding to all the phases during the event of PG fault. It can be
inferred that FI corresponding to faulty phase (phase A) has a higher magnitude compared to TM
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after the incidence of PG fault. However, FI corresponding to healthy phases B and C has a lower
magnitude compared to TM. Hence, it is established that algorithm is effective for the identification of
PG fault and discrimination of the healthy and faulty phases even when there is hybrid combination
of UG cable and OH line sections.

Figure 10. Recognition of PG fault incident on node 652 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

6.1.2. Fault on Node 634

The algorithm was tested for all the faulty events simulated on node 634 and found to be effective
for the recognition of these events. This node is considered due to the availability of a transformer
(TRFF) between nodes 633 and 634. Presence of transformer in the path of travelling wave carrying
faulty transients may affect the performance of algorithm as transformer is a magnetically coupled
inductive element. Node 634 is operated at voltage of 0.48 kV and node 633 is operated at the voltage
of 4.16 kV. Results for PG fault simulated on phase A at 0.1 s on node 634 are illustrated in Figure 11.
Current and voltage signals captured at node 650 for a period of 0.2 s (12 cycles) are detailed in
Figure 11a,b, respectively. Current signals are processed using WDF and WD-index is computed,
which is described in Figure 11c. It is observed that WD-index corresponding to phase A has a high
magnitude after the incidence of PG fault. However, this index corresponding to phases B and C
has values comparable to the pre-fault values. The ALN-index is computed from the voltage signals
and described in Figure 11d. It is concluded that the ALN-index corresponding to all phases sharply
increases just after the incidence of PG fault.

Figure 11e details the FI corresponding to all the phases during the event of PG fault. It can be
inferred that FI corresponding to faulty phase (phase A) has a higher magnitude compared to TM after
incidence of PG fault. However, FI corresponding to healthy phases B and C has a lower magnitude as
compared to TM. Hence, it is established that algorithm is effective for the identification of PG fault
and discrimination of the healthy and faulty phases even when there is a transformer between the
faulty point and relay location.
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Figure 11. Recognition of PG fault incident on node 634 of hybrid test system (a) current waveform
(b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to compute fault recognition time.

6.2. Fault Impedance Variations

The nature of fault transients is affected by the fault impedance. Hence, fault impedance might
affect the performance of the protection algorithm. In common faulty events, the fault impedance
ranges from 0 Ω to 5 Ω. Therefore, the algorithm was tested for the fault impedances of 0 Ω, 5 Ω, 10 Ω,
15 Ω, 20 Ω and 25 Ω for all types of faults. FI magnitude associated with all the phases during the PG
fault event incident at node 646 is tabulated in Table 5. It can be observed that FI magnitude is higher
compared to TM (5000), corresponds to phase A. Further it is lower as compared to TM, corresponds to
phases B and C. It is also observed that FI corresponding to faulty phase decreases with increased fault
impedance. Therefore, it is established that PG fault will be effectively detected in hybrid grid with RE
penetration and fault impedance up to 25 Ω. Furthermore, the algorithm also works efficiently for all
types of faults with fault impedances up to 25 Ω.

Table 5. Fault Index During PG Faulty Event with Different Fault Impedance.

Phase Name Fault Index Magnitude

0Ω 5Ω 10Ω 15Ω 20Ω 25Ω

Phase-A 5.055 × 104 4.601 × 104 3.307 × 104 2.170 × 104 1.003 × 104 8252
Phase-B 332 317 284 253 232 199
Phase-C 1370 1101 923 457 333 316

6.3. Fault Incidence Angle Variations

Fault transients may also be affected by the fault incidence angle (FIA), which may result false
tripping indication. Hence, performance of the algorithm was tested by simulating the fault at node
646 with incidence angles of 0◦, 30◦, 60◦, 90◦, 120◦ and 150◦ for all types of investigated faults. FI
magnitude associated with all the phases during the PG fault event incident at node 646 for different
angles is tabulated in Table 6. It can be observed that FI magnitude is higher compared to TM (5000),
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corresponds to phase A and lower compared to TM, corresponds to phases B and C for all types of fault
incidence angles. It is also observed that FI corresponding to faulty phase is maximum for FIA of 90◦.
Therefore, it is established that PG fault will be effectively detected in hybrid grid with RE penetration
and all types of fault incidence angle with respect to current and voltage waveforms. Furthermore, the
algorithm also works efficiently for all types of faults for different FIA.

Table 6. Fault Index During PG Faulty Event with Different Fault Incidence Angles.

Phase Name Fault Index Magnitude

0◦ 30◦ 60◦ 90◦ 120◦ 150◦

Phase-A 5.055 × 104 6.848 × 104 4.641 × 104 7.531 × 104 3.875 × 104 2.139 × 104

Phase-B 332 1107 621 1323 1146 704
Phase-C 1370 1244 985 1327 156 75

6.4. Effect of Noise

There is a possibility of interference from external factors on the power system distribution and
transmission lines while passing through the terrain, which may superimpose noise on the faulty
transients travelling from the faulty point to the location of PS. Noise may affect the performance of
the protection schemes resulting in false tripping. To investigate the effect of noise on the performance
of algorithm, a noise level of 10 dB signal to noise ratio (SNR) is introduced on both the voltage
and current signals. The algorithm was tested for all types of faults whereas the results of PG fault
simulated on phase A at 0.1 s on node 646 are illustrated in Figure 12, where superimposed noise
can be seen easily. Current and voltage signals captured at node 650 for a period of 0.2 s (12 cycles)
are detailed in Figure 12a,b, respectively. Current signals are processed using WDF and WD-index is
computed, which is described in Figure 12c. It is observed that the WD-index corresponding to phase
A has a higher magnitude after the incidence of PG fault. However, this index corresponding to the
phases B and C has values comparable to the pre-fault values. Performance of the WD-index is not
affected by noise. The ALN-index is computed from the voltage signals and described in Figure 12d. It
is concluded that the ALN-index corresponding to all the phases has a high magnitude throughout
time range, indicating that performance of ALN-index will be affected by the noise.

Figure 12 details the FI corresponding to all the phases during the event of PG fault with
superimposed noise on both voltage and current signals. It can be inferred that FI corresponding to
the faulty phase (phase A) has a higher magnitude compared to TM after the incidence of PG fault.
However, FI corresponding to healthy phases B and C has a lower magnitude as compared to TM.
Hence, it is established that algorithm is effective for the identification of PG fault and discrimination
of the healthy and faulty phases even when there is high level noise (10 dB SNR) superimposed on the
current and voltage signals in the hybrid grid in the presence of RE generation. High resolution plot of
FI is illustrated in Figure 12f, where it can be seen that FI corresponding to phase A crosses the TM
and FI for phases B & C is below the TM.

6.5. Sampling Frequency Variations

To investigate the effect of frequency used for sampling the voltage and current signals on the
performance of protection scheme, the algorithm was tested for different sampling frequencies. FI
corresponding to the faulty phase A during the event of PG fault is observed and equal to 3.981 × 104,
5.055 × 104, and 5.170 × 104 while using the sampling frequencies of 1.92 kHz, 3.84 kHz and 7.68 kHz,
respectively. Therefore, sampling frequency, lower than 3.84 kHz, reduces the peak magnitude of FI,
which may also go lower compared to TM. Sampling frequency greater than 3.84 kHz increases the
fault detection time due to large size of input data set. Hence, 3.84 kHz is observed to be the optimum
SF for the protection scheme.
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Figure 12. Recognition of PG fault incident on node 652 of hybrid test system in the presence of noise
(10dB SNR) (a) current waveform (b) voltage waveform (c) WD-index (d) ALN-index (e) FI (f) plot to
compute fault recognition time.

6.6. Recognition of Fault by Recording Voltage and Current Signals at PCC

Performance of the algorithm was tested by recording voltage and current signals at PCC (PS-2
relay location), where RE sources are integrated to test hybrid grid and when PG fault is simulated at
node 646 to generalize the applicability of the algorithm. Results of the PG fault, simulated on phase A
at 0.1 s at node 646 with measurements at node 680 are illustrated in Figure 13. Current and voltage
signals captured at node 680 for a period of 0.2 s (12 cycles) are detailed in Figure 13a,b, respectively.
Current signals are processed using WDF and WD-index is computed, which is described in Figure 13c.
It is observed that WD-index corresponding to phase A has a higher magnitude after the incidence
of PG fault. However, this index corresponding to the phases B and C has values comparable to the
pre-fault values. The ALN-index is computed from the voltage signals and described in Figure 13d. It
is concluded that the ALN-index corresponding to all phases sharply increases just after the incidence
of PG fault.

Figure 13e details the FI corresponding to all phases during the event of PG fault, when current
and voltage signals are recorded at PCC. It can be concluded that FI corresponding to faulty phase
(phase A) has a higher magnitude compared to TM after the incidence of PG fault. However, the FI
corresponding to the healthy phases B and C has a lower magnitude as compared to TM. Hence, it
is established that algorithm is effective for the identification of PG fault and discrimination of the
healthy and faulty phases by recording the data at PCC. It establishes the applicability of algorithm to
provide protection against faults for the RE sources based hybrid grids.
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Figure 13. Recognition of the PG fault incident at node 646 by recording voltage and current signals at
PCC (a) current waveform (b) voltage waveform (c) WD-index (d) ALN-index (e) FI.

7. Discrimination Between Switching and Faulty Events

This section details the results, obtained by the application of proposed algorithm for the switching
events to differentiate these events from the faulty conditions.

7.1. Switching of Line Feeder

The event of switching on and off of the line feeder was realized by opening the circuit breaker
(CB) between nodes 671 and 692 at 4th cycle and re-closing the CB at 8th cycle. Results for the period
of 12 cycles in the event of switching of line feeder are presented in Figure 14. It is observed that the
current and voltage waveforms are distorted with small magnitude at the time of feeder operation
(on/off) as depicted in Figure 14a,b, respectively. It is inferred from Figure 14c that magnitude
of WD-index increases at the time of feeder tripping and re-closing. Figure 14d indicates that the
ALN-index has high magnitude peaks at the time of re-closing of the feeder. However, small magnitude
transients are observed at the moment of feeder tripping. Figure 14e gives an indication that FI has a
lower magnitude compared to threshold at both the events of tripping as well as re-closing of feeder.
However, small magnitude peaks are observed at the moment of feeder tripping as well as re-closing,
where feeder re-closing event has a large effect compared to tripping event. A high resolution plot of
FI is illustrated in Figure 14f.
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Figure 14. Recognition of event of switching of line feeder (a) current waveform (b) voltage waveform
(c) WD-index (d) ALN-index (e) FI (f) high resolution plot of FI.

7.2. Capacitive Switching

An event of capacitor switching is realized at node 675 by switching off the connected capacitor
banks at 4th cycle and again switching on at 8th cycle. Voltage and current signals recorded on node
650 are processed to obtain the FI using WD-index and ALN-index as illustrated in Figure 15. It
is inferred from Figure 15 that FI has lower values compared to the threshold during the event of
switching off and on of the capacitor bank. Hence, it is established that algorithm is effective for the
discrimination of the capacitor switching event from the faulty events.

Figure 15. Fault index with event of capacitor switching.
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7.3. Load Switching

An event of load switching is realized by switching off the load connected at node 671 at 4th cycle
and again switched on at 8th cycle. Voltage and current signals recorded at node 650 are processed to
obtain the FI using WD-index and ALN-index as illustrated in Figure 16. It is inferred from Figure 16
that FI has lower values compared to the threshold during the event of switching off and on the load.
Hence, it is established that the algorithm is effective for the discrimination of load switching event
from the faulty events.

Figure 16. Fault index with event of load switching.

8. Performance of Protection Scheme

This section presents brief comments on the results and comparison of results with the existing
algorithms.

8.1. Brief Discussion of Results

Results discussed in the Sections 4–7 show that the algorithm introduced in this paper is effective
in providing protection against different types of faults to the hybrid grids where conventional
generator, wind power plant, solar energy plant, loads, OH lines, UG cables, capacitors, transformers,
measuring devices and switches are available. This is effective only if both voltage and current signals
are used. It will not work when either current or voltage signals are used individually. This algorithm
is fast and accurately identifies as well as classifies all types of faults during different scenarios such as
presence of high level noise, different fault incidence angles, high fault impedance, different sampling
frequencies, different locations of the RE generators, and different fault locations. The algorithm is
effective for protection of the high voltage networks up to voltage levels of 765 kV which comprises
of thermal plants, hydro plants, nuclear plants, wind generators integrated to network at different
nodes, solar generators integrated to network at different nodes, feeding agriculture (induction motors)
loads, domestic loads and industrial loads. However, for ring systems the protection scheme has to be
installed at both ends of the line. Results also show that algorithm is effective in discriminating the
faulty and operational events.

8.2. Comparative Study

Performance of the proposed algorithm is compared with the algorithms used for the detection of
faults in the presence of renewable energy using DWT [12,13] and Stockwell transform (ST) [14,15].
It is observed that the DWT-based technique effectively detects the faults; however its performance
is adversely affected by the presence of noise above 50 dB SNR and generates false tripping signals.
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Hence, DWT-based technique is not effective for the detection of faults when high noise level of 10
dB SNR is present. The Stockwell transform-based algorithm uses the patterns of various contours
and plots for the fault detection, which ranges from half cycle to one cycle. The protection scheme
based on the application of proposed WD-index individually will be slow and fault detection time
will be high. However, its performance is least affected by the noise. The proposed ALN-index is
effective for reducing the fault detection time because it has the merit of sharp change at the time of
fault incidence. However, this cannot be used as a standalone protection scheme because at the time
of fault incidence, its magnitude increases for the faulty as well as healthy phases. Furthermore, the
performance of ALN-index-based method is adversely affected by the presence of high noise level.
Therefore, proposed algorithm, obtained using WD-index and ALN-index has the combined merits of
these indexes and provide fast performance of protection scheme, further it is not affected by the noise.
Hence it is established that the performance of proposed algorithm is superior as compared to DWT,
Stockwell transform, standalone WD-index and standalone ALN-index.

9. Conclusions

A method for the detection and classification of faults is presented in this paper to design a
protection scheme for hybrid grid system integrated with wind and solar energy plants. Various fault
types such as PG, 2P, 2PG, and 3PG were successfully identified in the RE sources based hybrid grid
using proposed fault index. The FI is obtained using Wigner distribution function based decomposition
of current signals (WD-index) sample with alienation coefficient of voltage signals (ALN-index). Fault
types were classified using number of faulty phases and identified using proposed FI. A ground fault
index, based on the Wigner distribution function supported decomposition of negative sequence
current is proposed to differentiate the 2P and 2PG faults. It is concluded that the algorithm is fast and
accurate for detection of all the types of faults in the hybrid grid with RE penetration. Furthermore, the
algorithm was tested and effectively works in the presence of high level noise, different fault incidence
angles, high fault impedance and different fault locations. The algorithm is also effective for the
discrimination of switching events of capacitor, load and line feeder from faulty events. The algorithm
is also effective in recognizing faults in the presence of transformers and hybrid lines consisting of OH
line and UG cable sections. It is also established that the proposed algorithm obtained using WD-index
and ALN-index has the combined merits of these indexes and provide fast response protection scheme
whose performance is not affected by the noise. Hence it is established that performance of proposed
algorithm is superior compared to DWT, ST, standalone WD-index and standalone ALN-index. As a
future enhancement, testing of performance of algorithm with data recorded on real time network of
the utility grids may be considered before implementation in the protection schemes.
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Abbreviations

Abbreviations used in this article are detailed below:

2P Double phase
2PG Double phase to ground
3PG Three phase to ground
PG Phase to ground
ALN Alienation
ANN Artificial neural network
CB Circuit breaker
DFIG Doubly fed induction generator
DG Distributed generation
DWT Discrete Wavelet transform
ES Expert system
EV Electric vehicle
FI Fault index
FIA Fault incidence angle
FRDFT Fast recursive discrete Fourier transform
FST Fuzzy set theory
GFI Ground fault index
ICT Interconnecting transformer
IEEE Institute of Electrical and Electronics Engineers
OH Overhead
MATLAB Matrix laboratory
MPPT Maximum power point tracking
PCC Point of common coupling
PQ Power quality
PS Protection scheme
PV Photovoltaic
RE Renewable energy
SF Sampling frequency
SNR Signal to noise ratio
ST Stockwell transform
TM Threshold magnitude
TMGFI Threshold magnitude of ground fault index
UG Underground
WECS Wind energy conversion system
WD Wigner distribution
WDF Wigner distribution function
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Abstract: At high penetration level of photovoltaic (PV) generators, their abrupt disturbances
(caused by moving clouds) cause voltage and frequency perturbations and increase system losses.
Meanwhile, the daily irradiation profile increases the slope in the net-load profile, for example,
California duck curve, which imposes the challenge of quickly bringing on-line conventional
generators in the early evening hours. Accordingly, this paper presents an approach to achieve
two objectives: (1) address abrupt disturbances caused by PV generators, and (2) shape the net load
profile. The approach is based on employing battery energy storage (BES) systems coupled with PV
generators and equipped with proper controls. The proposed BES addresses these two issues by
realizing flexible power ramp-up and ramp-down rates by the combined PV and BES. This paper
presents the principles, modeling and control design aspects of the proposed system. A hybrid
dc/ac study system is simulated and the effectiveness of the proposed BES in reducing the impacts
of disturbances on both the dc and ac subsystems is verified. It is then shown that the proposed
PV-BES modifies the daily load profile to mitigate the required challenge for quickly bringing on-line
synchronous generators.

Keywords: PV generator; power ramping; battery energy storage; duck curve; hybrid dc/ac grids

1. Introduction

The limitations of fossil fuel reserves and environmental concerns have increased interest in
renewable energy resources [1]. Solar photovoltaic (PV) generation is one of the most promising
renewable energy approaches. In recent years, PV power generation has increased significantly
thanks to the development of cost-effective, higher efficiency semiconductor PV technology, as well as
advancements in related power electronics and controls. Solar PV is projected to contribute 16% of
the world’s total electricity and 43% of the added electricity in the United States (US) by 2050 [2,3].
However, the uncertainty and variability of PV sources constitute the main obstacles against their high
level penetration. Furthermore, PV sources do not have inherent rotational inertia to support the grid
during the transients [4–6].

The power injected by PV can change suddenly due to cloud movements. In 2011, a study of three
PV systems, located in Porterville, Palmdale, and Fontana, California, found that the power ramp rate
was as high as 90%, 93% and 75% per minute of their rated power, respectively [7]. The sudden changes
in PV power can introduce voltage fluctuations in distribution system and frequency fluctuations in
the case of high PV penetration and weak grid, leading to grid stability issues [2,8–10]. Puerto Rico
Electric Power Authority (PREPA) limits the ramp rate to 10%/minute of the rated capacity for both
wind and PV generation, and the Hawaiian Electric Company (HECO) limits its ramps at ±2 MW/min
(even ±1 MW/min during some times) for wind generators under 50 MW [11]. According to IEEE
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standard 1547, distributed energy resources (DERs) cannot cause voltage fluctuations exceeding 3%
for a medium voltage interconnection and 5% for a low voltage interconnection [12].

A large number of distributed PV generators together create a duck-shaped daily net load profile
due to the variation in solar irradiation. The duck-shaped net load profile has steep slopes, especially
in the evening. This requires bringing a large number of synchronous resources online within a short
period of time. Such changes in the net load profile cannot be easily addressed by slow conventional
generators and the problem becomes severe with the increased penetration of PVs. The existence of a
large number of PV generators also increases the chances of negative net load that requires curtailment
of PV power [8,13,14].

The number of PV generators connected to the electric power grid has been rising continuously.
Authorities and researchers are considering the development of strategies and approaches to obtain
grid services, both transient and long-term, from the aggregation of these distributed resources [15].
Therefore, PV generators have been coupled together with complementary generation and storage
technologies to address the intermittencies and the disturbances, and these distributed resources are
utilized to obtain grid services. Battery energy storage (BES) systems and super-capacitors are two
important energy storage approaches that can be coupled with PV generators [16–18].

Most of the existing approaches that combine BES with household PV-prosumers are concerned
with optimization of battery size, and energy management strategies to minimize electricity
bills [19–21]. These methods do not address the impact of intermittency and power variation of
PVs on the grid. Moving average methods are used to mitigate the impact of abrupt PV power
disturbances. However, moving average method does not directly control the ramp rate, depends on
historical data, and operates the BES even though BES operation is not required due to the memory
effect [22]. The direct ramp control of PV power is an effective method. The ramp-up of PV output is
generally not a challenging issue, and it can be achieved using a proper controller without requiring a
storage, at the expense of total extracted PV energy [23]. However, the ramp-down is a challenge, and
it requires an energy storage to compensate for the PV power drop.

The fluctuations of wind/PV generators are compensated using the BES station in Reference [24].
The control approach calculates the target power for the BES station from the fluctuations of wind/PV
generators, and this power is shared by the constituting smaller BES units based on their SOC level.
In Reference [22], a BES is coupled with a PV system to mitigate the power fluctuations caused
by cloud passing using the ramping method. During PV power fluctuations, the BES is controlled
based on the inverse characteristics of the desired ramp-rate. Once the PV power fluctuation is
over, the BES power is brought to zero using SOC droop-based ramp rate. The control strategies
of References [22,24] are presented at system level, and ignore the dynamics of the converter and
details of the control design. Furthermore, the BES reference calculations involve complex algorithms.
A hybrid BES and super-capacitor setup is used in Reference [25] to provide frequency support.
Although this is combined with a PV generator, it does not directly address the PV power generation
variations. Moreover, the frequency does not directly and quickly reflect the PV disturbances at the
distribution level.

A battery is integrated in an ac-stack architecture in series with PV converters in Reference [26] to
achieve the controlled ramp rate in power. The BES control uses the derivative of the rms of ac string
current to determine the fluctuation in PV power. This method does not appear to be able to respond to
abrupt PV fluctuations in a timely manner due to the limitations with a derivative operator in practice.
Furthermore, this architecture is vulnerable to over-modulation that distorts the output. Finally, the
stack architecture compromises the plug-and-play flexibility of the system. In Reference [27], a power
management strategy is proposed for a BES in connection to a PV and a local load. If the local load
is larger than a predefined minimum value, the combined PV-BES supply the load and the rest of
power is offset by the grid. No power ramping is done in this mode. If the local load is less than
a predefined minimum, the battery performs a ramp rate control, based on Reference [22], if the
PV fluctuations exceed the predefined ramp rate; and the PV-BES operates in constant power feed
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mode otherwise. Further details of the control design procedures are not presented. A PV-battery
combination connected to an ac grid is presented in Reference [28] where the PV operates at the MPP,
a battery controls the dc bus voltage of the inverter and the inverter operates in constant power mode.
If the reference power of the inverter is properly determined, it can realize ramping. However, this is
not discussed in Reference [28]. One limitation of this approach is that the BES cannot be used for an
already operating inverter without altering the control system of the inverter. A similar approach is
used in Reference [29] where the BES supplies/absorbs the difference of power between the desired
and the PV power. The controller in Reference [29] requires communication of an ac signal which is a
major limitation. In Reference [30], a 1 MW/2 MWh BES is connected with a multi-MW PV system to
achieve (1) power smoothing using moving average and low pass filter, and (2) frequency regulation
using P-f droop control. The power smoothing method of Reference [30] has the disadvantages of the
moving average approach mentioned earlier. Also, the frequency regulation may not be useful at the
distribution level.

Most of the aforementioned works that implement BES to smooth PV power treat the matter
at the system level and ignore the dynamics at the converters level. There is a lack of systematic
design of the local controls to accomplish the desired power ramps. This paper presents a BES control
system concept to address both the abrupt and daily variations of PV power. The proposed BES
connects at the terminals of the PV generator (without requiring a change in the PV inverter) and
responds to the disturbances to execute desired power ramp rates. The ramp rate signals are either
generated locally or received from the grid operator. The paper presents the complete mathematical
model of the system including the dynamics of the converter and provides systematic approach in
designing the control. Furthermore, if the BES is only used to filter the abrupt PV disturbances for a
short period, it results in low utilization of the BES. Therefore, the ramping capability of the PV-BES
system has been utilized in this paper to improve the daily load profile. The grid operator can remotely
command the distributed PV-BES units with the desired ramp rate, and the proposed control executes
the command. The aggregated effect of the distributed PV-BES units with the proposed ramping
capability significantly enhances the daily net load profile in terms of (1) reduced peak, (2) increased
minimum, and (3) reduced slopes. The proposed method also includes an outer loop that controls
the SOC of the BES. The performance of the proposed system is verified using extensive computer
simulation and a laboratory prototype.

The contributions of this paper may be summarized as follows: (1) A simple yet effective
battery control philosophy to address both the abrupt and daily photovoltaic generation variations.
The two set-points of the proposed controller can be generated locally or through communications for
system-wide optimization; (2) Complete modeling and control design of the battery control system;
(3) Verification of the proposed approach using simulations and laboratory tests.

The remainder of the paper is organized as follows. The power variabilities, abrupt and daily
profile, originated from PV generators are discussed in Section 2. Section 3 presents a proposed
battery energy storage (BES) system, its mathematical model, and the proposed control to ramp the
output power of the PV. Numerical designs and the results obtained both in simulation and laboratory
experiment are presented in Section 4. The paper concludes with concluding remarks and limitations
of the proposed control in Section 5.

2. Power Variabilities of a PV Generator

2.1. Abrupt Disturbances in PV Generation

Cloud movements cause abrupt changes in solar irradiation, Figure 1. To study the impact of
these abrupt power changes, a hybrid dc/ac system is considered in this paper as shown in Figure 2.
The parameters of the dc microgrid and the ac system are shown in Tables 1 and 2, respectively.
The details of the PV control used in this study are given in Section 4.1.1.
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The PV generator of Figure 2 is controlled using a maximum power point tracking (MPPT)
algorithm. The control structure and the parameters are shown in Section 4. Figure 3 shows the
voltage and frequency fluctuations, at the point of coupling between dc and ac systems, to abrupt PV
disturbances. The solar intensity falls from 1000 W/m2 to 250 W/m2 at t = 5.0 s, and it rises back to
1000 W/m2 at t = 50.0 s. The dc voltage has a peak of 10% that oscillates over a second, and the ac
voltage (rms) has a peak close to 5%. The frequency oscillates with a peak of 0.23 Hz, and it takes
several seconds to settle.
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Figure 1. Solar intensity measured at Lowry Range Solar Station on 18 March 2013 [31].
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Figure 2. A hybrid dc/ac system to study the abrupt power disturbances of the photovoltaic
(PV) generator.

Table 1. Parameters of dc system.

Nominal bus Voltage: 600 V

Loads:

Load 0: 1.5 kW Load 1: 0.5 kW Load 2: 1.5 kW
Load 3: 2.0 kW Load 4: 1.5 kW Load 5: 5.0 kW
Load 6: 4.4 kW

Lines:
Line Length Resistance Inductance

Line1g 0.75 km 0.482 Ω 0.198 mH
Line12 0.5 km 0.321 Ω 0.132 mH
Line23 0.3 km 0.0.193 Ω 0.079 mH
Line34 0.5 km 0.321 Ω 0.132 mH
Line45 0.5 km 0.321 Ω 0.132 mH
Line56 1 km 0.642 Ω 0.264 mH

PV system:

Rated power: 15 kW at 1000 W/m2, 1000 V
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Table 2. Parameters of ac system.

Synchronous Generator (SG):

Power (Ssg): 250 kVA, voltage (vsg): 12.47 V
Inertia constant (H): 5.0

Loads:
ac load 0: 0.05 pu, ac load 1: 0.846 pu

Ac Line:
200 km, 32.2 Ω, 120.96 mH

Transformer:
Resistance (Rtr): 0.02 pu, Reactance (Xtr): 0.05 pu
Voltage ratio (VR): 207.8 V/12.47 kV

Three-phase dc/ac Converter:

Parameter Symbol Value

Filter inductance Linv 10 mH
Filter resistance Rinv 10 mΩ
Dc capacitor Cdc 1200 μF
Voltage on dc side Vdc 600 V
Voltage on ac side Vac 207.8 V
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Figure 3. Voltage and frequency fluctuations at point of common coupling (PCC) of the study system
due to the abrupt PV disturbances.

2.2. Daily Power Profile of PV

Figure 4a shows the power generation and the load demand of California Independent System
Operator (ISO) on 31 March 2019. As the sun rises, the PV generation increases and the net load
declines. Into the evening, the PV generation declines while the load demand increases. This creates a
duck-shaped net load profile with steep ramp rates. The net profile of Figure 4a has a ramp rate as
steep as 5300 MW/h. Such power ramps impose challenges in commitment of the slow conventional
generators [32]. The problem becomes severe with the increased penetration level of the PVs as shown
in Figure 4b.
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Figure 4. Load profile of California ISO; (a) Load demand and generation on 31 March 2019, and (b) net
load profile on March 31 for last 5 years (2015-19) [33].

3. Proposed BES System and Control

Figure 5 shows the structure of the proposed PV-BES system. The BES connects at the terminals of
the PV and executes ramping of the combined power of the PV-BES system. The BES either generates
locally or receives the ramp-up-rate (RUR) and ramp-down-rate (RDR) signals from the grid operator
and adjusts its operation accordingly. This can (1) prevent the abrupt PV disturbances, and (2) re-shape
the daily load profile, as will be demonstrated in this paper.

Figure 5. Structure of proposed PV-battery energy storage (BES).

3.1. Defining Operational Scenario of BES

Figure 6a shows the scenario where PV power (Ppvo) experiences an abrupt fall followed by
an abrupt rise. The BES power, shown in Figure 6b, compensates this sudden disturbance and the
combined power of PV-BES system, Po, has controlled ramp down/up. The charging and discharging
of the BES causes rise/fall of its state-of-charge (SOC), as shown in Figure 6c. The BES control system
should be equipped with an SOC control that charges/discharges the battery after the response to the
disturbance is completed to regulate its SOC to the desired level.

128



Energies 2020, 13, 1024

Ppvo: PV PowerPo: PV-BES Output Power
Pmax

Pmin

Δ
P

m
ax

ΔPmax=Pmax-Pmin

(a)

Po: BES Output Power

Pb

Δ
P

m
ax

(b)

SOC: State-of-charge of BESSOC1

SOC2

Δ
S

O
C

t1 t2 t3 t4

(c)

Discharging

Charging

Figure 6. Operational scenario of the BES.

3.2. BES Converter and Its Mathematical Modeling

In this study, the BES uses a bi-directional converter topology as shown in Figure 7. The control
system determines the duty cycle of the gating signal for the switches. Assume db(t) is the duty
cycle of PWM of the BES converter and vb(t) is the BES voltage, then the average converter voltage is
vbo(t)=db(t)vb(t). If ub(t)=vbo(t) is the control input, then db(t)=

ub(t)
vb(t)

and

dibo(t)
dt

= −Rb
Lb

ibo(t) +
1
Lb

ub(t)− Vbus
Lb

, (1)

where ibo(t), Rb, Lb, and Vbus are the BES converter output current, filter resistance, filter inductance,
and the voltage at the point of connection of the BES converter, respectively. In terms of power, (1) can
be rewritten as

dPbo(t)
dt

= −Rb
Lb

Pbo(t) +
Vbus
Lb

ub(t)−
V2

bus
Lb

, (2)

where Pbo(t) is the output power from the BES system. The dynamics of the SOC depends on the
amount of current flowing in/out of the battery and it is mathematically expressed as

d
dt

SOC(t) = − Pbo
Qvb

, (3)

where Q and vb are the battery capacity (in As) and battery voltage (in V), respectively.

Figure 7. BES converter system.
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3.3. BES Control Structure and Design

Figure 8 shows the block diagram of the proposed control structure for the BES system. The control
system can be divided into 3 parts: the Power Control (high bandwidth), the Reference Power
Calculator, and the SOC control (low bandwidth). These three parts of the controller can be designed
separately and independently due to their different time scales.
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Figure 8. Mathematical model of the BES converter system with the proposed controller.

3.3.1. Power Control Loop

This loop generates the duty cycle for the converter to absorb/supply the reference power (P∗
b ).

A proportional-integrating (PI) controller is considered and its gains, k1b and k2b, are optimally
designed as follows. Define ẋ1(t) = e(t) = P∗

b (t)−Pbo(t), and x2(t) = Pbo(t) to obtain the state space
equations of the power control loop as

ẋ1(t) =−x2(t)+P∗
b (t)

ẋ2(t) =−Rb
Lb

x2(t)+
Vbus
Lb

ub(t)−
V2

bus
Lb

.
(4)

We use the approach [34] to convert this tracking problem into standard linear quadratic regulator
(LQR) problem by applying d

dt to both sides of (4) to obtain

ż1(t) =−z2(t),

ż2(t) =−Rb
Lb

z2(t)+
Vbus
Lb

Wb(t),
(5)

where zi(t) = ẋi(t) and Wb(t) = u̇b(t). It is assumed that d
dt Vbus and d

dt P∗
b are 0, which is justifiable.

Therefore, ż(t)=Az(t)+BWb(t) and the objective is to regulate z1(t)= e(t) to 0. The cost function is

J =
∫ ∞

0
[q1e2(t) + q2z2

2(t) + W2
b(t)]dt. (6)

As described in Reference [34], the qi parameters can be systematically adjusted for the design of
the gains (k1b, k2b) to achieve the fast and smooth response in the power control. The numerical design
stage for this system is described in Section 4.

3.3.2. Reference Power Calculation

The reference power is calculated using an algorithm to properly follow the desired ramp rate.
Figure 9 shows the flowchart that generates a reference power value, Prmp, that follows desired ramp
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rate whenever the PV power experiences changes. If P∗
soc is power for the SOC control, then the

reference power for the BES system is

P∗
b (t) = Prmp(t) + P∗

soc(t). (7)

Read
a) PV power: Ppvo(k)
b) time instance: t(k)
c) RUR & RDR command (if any)

ΔP=Ppvo(k)−Pr(k)
Δt= t(k)−t(k−1)
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Figure 9. Flowchart to calculate power ramp reference for the BES.

3.3.3. SOC Control Loop

A PI controller is used and its gains, k1soc and k2soc, are optimally designed to keep the SOC close
to its reference value as shown in Figure 8 [6]. The SOC controller gains are designed such that the
power control loop and the ramp reference calculator are faster than it. Therefore, during the design of
this loop, the fast dynamics of the power control loop may be neglected (and this loop is substituted
with a unity gain and the ramp power Prmp is set to zero). With these assumption and also neglecting
the small voltage variations across the battery that is, vb ≈V∗

b , the system becomes linear. Defining
ẋ1(t)= e(t)=SOC∗−SOC(t), x2(t)=SOC(t), and u(t)=Psoc(t), the state equations of SOC control loop are

ẋ1(t) =−x2(t) + SOC∗,

ẋ2(t) =− 1
QV∗

b
u(t).

(8)

This can be converted to a LQR form by applying d
dt as

ż1(t) =−z2(t),

ż2(t) =− 1
QV∗

b
Wb1(t)

(9)

where zi(t)= ẋi(t). Thus, ż(t)=Az(t)+BWb1(t) and the objective is to regulate z1(t)= e(t) to 0. Define the
cost function

J =
∫ ∞

0
[q1e2(t) + q2z2

2(t) + W2
b1(t)]dt, (10)
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and use the method of Reference [34] for the design of the gains (k1soc, k2soc) to achieve smooth response
in the SOC control. Numerical design is provided in Section 4.

3.4. Determining the BES Capacity

The battery capacity depends on the desired slowest power ramp of the PV and the BES combined.
The minimum BES capacity (Qmin) is chosen such that during the maximum power disturbance (ΔPmax)
the system operates at desired slowest power ramp (Rmin) keeping the SOC within the desired range
(SOCmin, SOCmax) for all the time.

Figure 6 shows the typical desired response of the system. For maximum PV power fluctuation
ΔPmax (in W), the BES should be able to supply power with minimum ramp Rmin (in W/s) for the time
interval T where T = ΔPmax

Rmin
. Assuming that the battery voltage remains relatively constant at V∗

b (in
V) during this period, the total charge supplied by the battery is 0.5TΔPmax

V∗
b

(in As). If ΔSOCmax is the
maximum permissible fluctuation in SOC from its nominal value, SOCn, during this period, then the
minimum battery capacity required, Qmin (in As), is given by

Qmin =
ΔP2

max
2V∗

b RminΔSOCmax
. (11)

4. Numerical Designs, Results, and Comparisons

This section presents some numerical designs of the proposed system and also investigates its
performance in the context of both abrupt PV power variations and daily irradiation profile using
simulations and laboratory-scale experimentation. The structure of the this section is as follows.
(1) Section 4.1 studies the performance of proposed system in response to abrupt PV disturbances
in a simulated hybrid dc/ac system. (2) Section 4.2 shows the simulation results of applying the
proposed system to address abrupt PV disturbances in a real irradiation profile data. (3) Section 4.3
investigates the performance of the proposed method in mitigating the duck-curve phenomenon using
simulations on practical data. (4) Section 4.4 shows the results of a laboratory-scale realization of the
proposed method. (5) Section 4.5 shows the qualitative comparison of the proposed method with
existing methods to mitigate PV power fluctuations.

4.1. Abrupt Disturbances: Case Study 1

The proposed controller is applied to the study system of Figure 2 to study the impact of abrupt
PV disturbances. The design of system components are discussed first.

4.1.1. System and Control Parameters

Figure 10 and Table 3 show the PV system and its converter parameters. The controller gains of
the PV system are designed using the method discussed in Reference [34]. The internal current loop
is designed first, which gives k1pv and k2pv, and then the external loop is designed that includes the
design of k3pv, k4pv,k5pv, and k6pv. In the design of the external loop, all the dynamics of the internal
loop are carried along. Therefore, unlike common practice, the internal loop is not limited to be several
times faster than the external loop. In our study, the PV operates at MPPT using perturb and observe
(P&O) algorithm [35]. However, this is not a requirement for the proposed BES controller.
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Figure 10. PV converter system and its control.

Table 3. Parameters of PV system.

PV System:

15 kW @ 1000 W/m2 and 1000 V
Vbus: 600 V

Converter:
Cpv : 400 μF, Lpv : 10 mH, Rpv: 10 mΩ

Controller:
Switching Frequency: 10 kHz
Control Gains:
k1pv: −316.22, k2pv: 3.07, k3pv: 31.62
k4pv: 344.49, k5pv: 1.38, k6pv: −0.59

The objective is to obtain the desired ramp rate of 30 %/minute ≈ 75 W/s from the combined
PV-BES system. Table 4 shows the parameters of the BES system and its converter. The gains of the
power control loop of the BES controller are designed based on the method discussed in Section 3.3.1.
Figure 11a shows the plot of the closed loop poles of the power loop on changing qi’s. Here, q1 and q2

are subsequently increased between 10−3→102.5 and 10−6→10−4, respectively. The reference power
of the BES for the ramp control is calculated by using the method mentioned in Section 3.3.2. For the
SOC control loop, the control gains are designed based on the method presented in Section 3.3.3.
Figure 11b shows the plot of the closed loop poles of the SOC loop on changing qi’s. Here, q1 and q2 are
increased between 10−1.5→102.5 and 100→107.75, respectively. Table 4 shows the controller gains and
the location of the poles for both the power control loop and the SOC control loop. The poles of the
SOC control loop are selected such that its speed is several times slower than the ramp rate calculator.

The system and control parameters of the dc/ac converter are adopted based on the conventional
voltage source converter (VSC) and vector control method [36–38] to regulate the dc voltage at 600 V.
This ensures exchange of power between the dc and ac system in a desired way. The synchronous
generator is simulated using the method proposed in Reference [39].
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Table 4. BES system parameters.

BES System:
Vb: 1000 V, RUR/RDR: 30%/minute ≈75 W/s
Vbus: 600 V, ΔPmax: 15 kW, ΔSOCmax: 30%
Qmin: 5040 As, Choose Q: 5400 As

Converter: Lb:10 mH, Rb:10 mΩ

Controller:
Switching Frequency: 10 kHz

Power Control:
With q1: 316.22, q2: 0.0001
Poles: −789.6 ± j665.9
Gains: k1b: -17.78, k2b: 0.0263

SOC Control:
With q1: 316.22, q2: 5.62 × 107

Poles −0.0015 ± j0.0011
Gains: k1soc: 17.7828, k2soc: −15,757
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Figure 11. Poles of (a) the power, and (b) the state-of-charge (SOC) loops of BES.

4.1.2. Results and Discussion

The simulation scenario to study the impact of abrupt PV disturbances is defined as follows.
The solar intensity is initially at 1000 W/m2 and the system is operating at steady state. The PV system
supplies 14.2 kW power and there is 1.4 kW power from the ac to the dc system. At t=5.0 s, the solar
intensity drops from 1000 W/m2 to 250 W/m2 in a fraction of a second that drops the PV power to
3.42 kW. At t=50 s, the solar intensity goes back abruptly to 1000 W/m2.

Figure 12 shows the output power response of the system. There is a sudden change in the
power injected to the dc system (and then flowing into the ac system) when BES is not used. The BES
smoothes down those changes and establishes an output power ramp at the desired rate. Figure 13
shows the transient response details of the PV, the BES, and the combined output powers. It confirms
that the BES quickly compensates for the PV power practically without a delay.
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Figure 14 shows the voltage and frequency transients at point of common coupling (PCC) of the
dc and the ac system in response to the abrupt PV disturbances. The BES has reduced the peak and
duration of both dc and ac voltage transients. The ac voltage (rms) experiences a peak fluctuation
of close to 5.5 V (close to 5%) without the BES, and the BES limits the fluctuations within 0.1 V
(practically zero). The BES has also improved the transients in the system frequency. Figure 15 shows
the voltage transients at different buses in the dc system. The BES reduces the voltage transients across
the entire dc system. Without the BES, this disturbances causes voltage fluctuations with peaks of over
10%. The BES reduces the peak of the transients to about 1%, and damps out the oscillations quickly.
Over ten times improvement is achieved.
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Figure 14. Voltage and frequency due to the abrupt PV disturbances.
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The ac current of the grid dc/ac converter is shown in Figure 16. When the PV power drops, the
ac system supplies the deficit power to the dc system in the absence of the BES. With the proposed
BES, the ac current has smooth transitions. Figure 17 shows the SOC of the BES in response to the
abrupt PV disturbances. The SOC controller slowly regulates the SOC to the reference value after the
disturbance is taken care without affecting the ramping behavior of the BES.
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Figure 16. Inverter’s ac current due to the abrupt PV disturbances.
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Figure 17. SOC of the BES during and after the abrupt PV disturbances.
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4.2. Abrupt Disturbances: Case Study 2

Figure 18 shows the total power of the proposed PV-BES system (designed in previous section)
in response to the real solar intensity measured at Lowry Range Solar Station on 18 March 2013 [31]
for different power ramp settings (0.5%/minute, 1%/minute, 5%/minute). It demonstrates that the
BES reduces the impact of the abrupt PV disturbances and smooths the power profile with the desired
ramp rate.
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Figure 18. Output power of the proposed PV-BES system for different ramp settings in response to the
real solar irradiance data.

4.3. Daily Power Profile of PV

The ramping capability of the proposed PV-BES system can be utilized to shape the daily load
profile. When the distributed PV generators are equipped with the proposed BES system, and properly
commanded, the aggregated load profile can become much smoother with some desired ramp rates.
This also enables peak-load reduction. To demonstrate these properties, two scenarios are studied in
this section as follows.

Scenario I: Figure 19 shows the power profile of California ISO on 31 March 2019 [33] with the
proposed PV-BES system. The BES charges and stores energy in the morning as the solar intensity
increases and avoids sharp decline of net load. This stored energy is released in the evening when
the PV generation declines and the load demand increases. Figure 19 shows the profile when both
RUR and RDR of the PV-BES system are set at 1200 MW/h. With a total of 5000 MW, 19411 MWh BES
systems, the ramp rate is reduced from 5300 MW/h to 2767 MW/h (almost 50%) and the peak load is
reduced from 22580 MW to 18747 MW.

Scenario II: In Figure 20, the RUR is set at 1400 MW/h while the RDR is set at 1000 MW/h till
20:00 and changed to 3000 MW/h afterwards. The required BES is 5571 MW, 15201 MWh and the
ramp rate of the net load is reduced to 2660 MW/h with peak load of 21535 MW.

The results are summarized in Table 5. This study concludes that by properly adjusting the
RUR and RDR, both the steep ramp-up rate and the peak of the net load profile may be mitigated.
The RUR and RDR may be optimally computed and supplied by a secondary controller through a
low-bandwidth communication.

Table 5. Impact of ramp rate settings on daily power profile.

S.N Ramp Setting
BES Size Maximum Ramp

in Net Load
Peak Net

LoadPower Energy

1 No BES - - 5300 22,580

2 RUR: 1200 MW/h 5000 MW 19,411 MWh 2767 MW/h 18,747 MWRDR: 1200 MW/h

3
RUR: 1400 MW/h

5571 MW 15,201 MWh 2660 MW/h 21,535 MWRDR: 1000 MW/h till 20:00
RDR: 3000 MW/h after 20:00
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Figure 19. Shaping of Daily Load Profile: Scenario I.
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Figure 20. Shaping of Daily Load Profile: Scenario II.

4.4. Experimental Results

This section presents the results of a laboratory-scale implementation of the proposed system
to evaluate its performance in a basic condition where all algorithms and controls are implemented
in real time. The ability of the proposed approach to counter the PV disturbances (generated using
an actual PV emulator hardware and other periphery circuits) is demonstrated. The results confirm
feasibility of the proposed algorithms and controls. The details are presented throughout the section.

4.4.1. Experimental Setup

Figure 21 shows a low-power laboratory-scale experimental setup built to evaluate the
performance of the proposed controller in response to the abrupt PV disturbances. An Agilent
E4360A modular solar array simulator is used to emulate the PV and its disturbances. It is connected
to a dc grid via a standard buck converter. A dc power supply in parallel with a local load models the
dc grid. Another dc supply with a local load acts as a battery, and it is connected to the dc grid via a
half-bridge converter for bi-directional power flow. The proposed control method is used and realized
on the micro-controller to control the two converters.

Table 6 shows the system and control parameters. The control parameters for the PV system are
designed to regulate the PV voltage to 20 V (maximum power point) using the method discussed in
Section 4.1.1. For the BES system, the reference power calculation and the design of the power control
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parameters are done using the method in Section 3.3. We have ignored the SOC control and the ac
system due to limitations in experimental setup.

Figure 21. Experimental setup.

Table 6. Experimental setup parameters.

Modular Solar Array Simulator:
PV Curve I: Vmp: 20.0 V, Imp: 0.3 A, Voc: 23.0 V, Isc: 0.5 A
PV Curve II: Vmp: 20.0 V, Imp: 2.0 A, Voc: 23.0 V, Isc: 2.5 A

PV converter: Lpv: 1 mH, Rpv: 0.2587 Ω, Cpv: 100μF

BES and converter: Vb: 30.0 V, Local Load: 30 Ω, Lb: 1 mH, Rb: 0.250 Ω

Dc bus: Vbus: 10.0 V, Local Load: 2 Ω

Controller:
Switching Frequency: 32 kHz
PV converter control gains
k1pv: −56.23, k2pv: 0.18, k3pv: 10.00, k4pv: 382.76, k5pv: 1.02, k6pv: −0.16
BES controller settings
RUR & RDR: 1.0 W/s, Control Gains: k1b= −5.6234, k2b= 0.0189 (Power control)

4.4.2. Results

Figure 22a shows the response of the system for the ramp rate setting of 1.0 W/s (for both RDR &
RUR). Abrupt PV disturbances are manually applied to the PV emulator by switching from PV Curve I
to PV Curve II and vice versa as specified in Table 6. When the PV conveter output increases, the
battery quickly intervenes to absorb the power. Similarly, the battery supplies power when there is
abrupt fall in PV converter power. With the grid voltage of 10 V, the ramp rate of 0.1 A/s in current is
obtained. Figure 23 shows the results when the PV power experiences random abrupt disturbances.
The study presented in this section confirms that the proposed control system can be successfully
implemented in real-time on a typical hardware platform and the desired ramping rates set by the
user are achieved by the combination of PV and proposed BES control system.
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(a) (b)
Figure 22. Experimental results: (a) ramp up response, and (b) ramp down response.

Figure 23. Experimental result: ramp up/down response for random PV power changes.

4.5. Comparisons

This section demonstrates comparison of the proposed method with conventional methods to
execute smoothing of PV power. The comparison is done based on various qualitative parameters
such as ramp calculation simplicity, plug-play level of proposed BES, coverage of converter model
details, optimal control design, and inclusion of SOC control. The evaluation are done at the levels of
poor, fair, average, and good. The comparisons are tabulated in Table 7.

Table 7. Qualitative comparison of proposed method with existing methods.

References Smoothing Method
Ramp Calculation

Simplicity

Plug-and-Play

Level
Model
Details

SOC Control
Design

Optimal Control

Design

[24] Ramp Average Poor Fair No No
[22] Ramp Fair Poor Fair No No
[25] P-f droop Average Fair Average No No
[26] Ramp Fair Poor Average No No
[27] Ramp, Constant power Fair Fair Average No No
[28] Constant power Average Fair Average No No
[29] Constant power Average Poor Average No No
[30] Moving average, P-f droop Fair Poor Poor No No

Proposed method Ramp Good Good Good Yes Yes

5. Conclusions

PV power experiences abrupt changes due to the fast moving clouds which cause voltage and
frequency fluctuations in the weak grid and high PV penetrations. A battery energy storage (BES) is
proposed in this paper to address fast power disturbances. Furthermore, the daily profile of the solar
irradiance creates sharp ramp in daily load profile, which imposes challenges on the slow conventional
generators. The ramping capability of the proposed PV-BES system is utilized to smooth and improve
the daily load profile in terms of its steep ramp up and peak demand. Although the concept is
developed for a BES system, it can be applied to other behind-the-meter distributed assets such as
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small gas turbine generators. The optimal computation and communication of the storage ramp rates
are the future directions of research. To mention a limitation, the proposed approach of this paper
requires the BES to be co-located with the PV and have access to its terminals in order to achieve the
desired power ramping of the combined PV-BES.
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Abbreviations

PV Photovoltaic BES Battery Energy Storage
DER Distributed Energy Resources LQR Linear quadratic regulator
MPPT Maximum power point tracking PCC Point of common coupling
PI Proportional Integrator pu per unit
RDR Ramp Down Rate RUR Ramp Up Rate
SG Synchronous generator SOC State of Charge
ISO Independent System Operator
Symbols and Variables

t Time k Sampling instant
Δt Change in time Ssg Synchronous generator power
vsg Voltage of synchronous generator H Inertia constant
Rtr Resistance of transformer Xtr Reactance of transformer
VR Transformer voltage ratio Vdc Dc voltage at the PCC
Vac L-L rms ac voltage at PCC Linv Filter inductance of dc/ac converter
Rinv Filter resistance of dc/ac converter Cdc Capacitor on dc side of dc/ac converter
Vbus Voltage at PV-BES connection Vbus i Voltage of ith bus
RUR Ramp up rate RDR Ramp down rate
Rmin Minimum ramp rate Ppv PV power
Ppvo Output power of PV converter ΔP Change in PV power
Pr Desired output power ΔPmax Maximum change in PV power
Po Total output power of PV-BES system Lpv Filter inductance of PV converter
Cpv Capacitor across PV terminals Rpv Filter resistance of PV converter
ki pv PV control ith gain ipv PV current
ipvo Output current of PV converter vpv PV voltage
vref

pv PV reference voltage Vmp PV voltage at maximum PV power
Imp PV current at maximum PV power Voc Open-circuit voltage of PV
Isc Short-circuit current of PV P∗

b BES reference power
P∗

soc Reference power for SOC control of BES Pb Battery Power
Pbo Output power of BES converter ib Battery current
ibo Output current of BES converter db Duty cycle for BES converter
ub Control input of BES converter vb Battery voltage
V∗

b Nominal voltage of battery SOC State of charge of BES
SOCn Nominal SOC of BES ΔSOC Change in SOC of BES
ΔSOCmax Maximum change in SOC Lb Filter inductance of BES converter
Rb Filter resistance of BES converter Q Battery capacity
Qmin Minimum battery capacity ki b BES power control ith gain
ki soc ith gain of SOC control J Cost function
qi ith weighting factor in cost function
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Abstract: PV modules tilted and oriented toward east and west directions gain gradually more
importance as an alternative to the presently-preferred south (north in the Southern Hemisphere)
orientation and it is shown to become economically superior even under the reimbursement of
feed-in tariff (FIT). This is a consequence of the increasing spread between the decreasing costs of
self-consumed solar power and the costs for power from the grid. One-minute values of irradiance
were measured by silicon sensors at different orientations and tilt angles in Hannover (Germany)
over three years. We show that south-oriented collectors give the highest electrical power during the
day, whereas combinations of east and west orientations (E-W) result in the highest self-consumption
rate (SC), and combinations of southeast and southwest (SE-SW) orientations result in the highest
degree of autarky (AD), although they reduce the yearly PV Power by 5–6%. Moreover, the economic
analysis of PV systems without FIT shows that the SE-SW and E-W combinations have the lowest
electricity cost and they are more beneficial in terms of internal rate of return (IRR), compared to the S
orientation at the same tilt. For PV systems with FIT, the S orientation presently provides the highest
transfer of money from the supplier. However, as a consequence of the continuing decline of FIT, the
economic advantage of S orientation is decreasing. E-W and SE-SW orientations are more beneficial
for the owner as soon as FIT decreases to 7 Ct/kWh. East and west orientations of PV modules do
not only have benefits for the individual owner but avoid high costs for storing energy—regardless
who would own the storage facilities—and by avoiding high noon peaks of solar energy production
during sunny periods, which would become an increasing problem for the grid if more solar power is
installed. Furthermore, two types of commonly used PV software (PVSOL and PVsyst) were used to
simulate the system performance. The comparison with measurements showed that both PV software
underestimate SC and AD for all studied orientations, leading to the conclusion that improvements
are necessary in modelling.

Keywords: incident solar radiation; PV output power modelling; tilt angle; orientation; rooftop solar

1. Introduction

Decarbonization of our energy supply is an important component to fulfill pledges of the Paris
Agreement to keep the global warming below 1.5 ◦C, because 65% of the world’s current CO2 emissions
are due to burning fossil fuels [1]. Renewable energy is one of the most cost-effective options to replace
fossil fuels and to reduce electricity-related emissions. In recent years, many countries have begun a
transition to more sustainable energy supply based on renewable energies. Solar energy represents the
most abundant natural energy resource on the earth and has the potential to replace fossil fuels to
satisfy this clean energy demand of our society in future [2]. This exceptional energy source is the most
simple and economic renewable energy technology available that can be easily installed, especially on
rooftops of houses. The costs for solar modules, measured in $/Wp, have reduced by as much as 90%
during the last decade and are expected to fall further in the future [3].
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Consequently, the evolution of renewable energy over the past decade has surpassed most
expectations. By the end of 2018, global total renewable generation capacity reached 2351 GW. PV
solar electricity has developed rapidly in minor private systems, as well as in large-scale installations
connected to national grids. Solar energy represented around 20.6% of renewable energy generation in
2018, with capacities of 486 GW [4].

The solar irradiance changes with geographical location, season, and time of the day according to
sun position in the sky. In addition, it varies by the influence of clouds, aerosols, and ground reflection.
The orientation and tilt angle of PV collectors are among the most important parameters that affect
the performance of a PV system, as they determine the amount of solar radiation received by the PV
collector [5]. The orientation and inclination of a PV installation has two effects on system output: On
the one hand, there is a larger or smaller amount of total annual yield; on the other hand, there is
an impact on the seasonal or daily timing of peak energy generation [6]. In general, PV systems are
divided into fixed and tracking systems. Fixed systems are often small systems installed on the roof of
a building, while tracking systems are often large PV systems installed to maximize the solar radiation
that reaches them [7]. Module performance is also affected by local factors for individual locations e.g.,
cloudiness, temperature, shading, dust, precipitation, and bird droppings [8].

Based on Earth-sun geometry, many studies were carried out to find the optimum tilt angle and
orientation of PV systems in certain areas worldwide, e.g., Italy [9], Turkey [10], Australia [11], the
United States [12], India [13], China [14], and Ghana [15]. Most previous studies show that the optimal
fixed tilt angle of PV collectors depends only on geographical latitude (ϕ), if local weather and climatic
conditions are not considered. However, because of the diffuse solar radiation, the optimal tilt angles
may differ from those in reality. Huld et al. [16] showed that climate characteristics have a huge
influence on the optimal tilt angle in Europe. Lave and Kleissl [12] showed that the optimal tilt is
reduced by up to 10 degrees when cloudiness is taken into consideration, particularly in the northern
United States. European studies [17,18] concluded that the optimum tilt must be reduced by 10◦ to 20◦
between southern and northern Europe because of the same effect. Beringer et al. [19] showed that
solar collectors oriented to the South at a tilt angle of 50◦–70◦ in the winter months (October–March)
and 0◦–30◦ in the summer months (April–September) would result in the highest monthly yield for the
location of Hannover, Germany.

Rooftop PV systems have gained importance in the last decade, especially from the drop in the
cost of solar PV modules and the increase of end-consumer electricity tariff. According to recent
studies, up to 25% of EU electricity consumption could be potentially produced in small rooftop PV
systems installed in the existing EU building [20]. Other authors estimate that all electricity needs
can be produced on rooftops [21]. There is increased interest in the self-consumption (SC), i.e., the
part of PV power production that is consumed by the house owner. The savings from self-consumed
PV-generated electricity are much higher than the profit from selling excess generation at spot prices. It
may also have a positive effect on the distribution grid and make the production profiles of PV systems
connected to the grid smoother.

The SC depends mainly on the system size: The more PV power installed, the more often the
produced electricity exceeds consumption; i.e., it is non-linear with installed power [22]. SC can also
be increased by energy storage and by load management; i.e., the influence of temporal resolution
becomes less distinct with added a battery storage [23]. In practice, the SC rate can range from a few
percent to a theoretical maximum of 100%, depending on the PV system size and load profile. Moreover,
estimation of SC depends also on time resolution; i.e., it is overestimated when using hourly data of
PV electricity production and household load profiles. Luthander et al. [24] found that for individual
buildings, sub-hourly data are needed to capture the behavior of high peak power. Leicester et al. [25]
found that SC is overestimated by 71.3% when using hourly data, compared with 54.8% when using
one-minute data. Accordingly, high temporal resolution data are required to quantify SC accurately.

There are very limited studies that described simultaneous direct measurements of PV generation
and consumption. However, one method to obtain more data with greater variety is to use PV data and
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separately-obtained load profile data, and estimate the SC fraction [25]. With the present reimbursement
for feed-in tariffs that value just the yearly sum fed into the grid, suitability studies focused for rooftop
have just concentrated on the yearly yield. Many studies and online web tools concerning the suitability
of the orientation of rooftop implicitly take only the yearly sum into account [26]. Calculations for the
diurnal variability are lacking.

In this study, we use one-minute data to compare the outputs of 12 solar collectors at various tilt
and azimuth angles in order to propose an alternative concept for increasing SC via non-south-oriented
PV systems and investigate its potential. The calculations are based on measurements from silicon
sensors with different orientations and tilt angles in Hannover (Germany). The SC of all orientations
is calculated by using a set of separately measured load profiles in order to evaluate the best and
more-economic orientations for rooftop PV systems. The results are also compared with the simulated
values of two widely used PV software packages, PVSOL [27] and PVsyst [28] to validate this software.
Detailed information about the simulation parameters are listed in Tables.

2. Methodology

The input dataset used in this study is composed of one-minute output of 12 solar collectors
(Figure 1) installed for three years (2016–2018) on the roof of the Institute for Meteorology and
Climatology (IMUK) of the Leibniz Universität Hannover (Hannover, Germany; 52.23◦ N, 9.42◦ E
and 50 m above sea level). Measurements have been made, using crystalline silicon PV devices with
individual temperature sensors (Mencke and Tegtmeyer GmbH, Hameln, Germany). The PV devices
have been calibrated by the manufacturer in November 2013 and they are cleaned regularly to prevent
the accumulation of dirt and dust. In addition, all devices are compared after one year of measurements
by placing them side by side horizontally. These comparisons were performed under different weather
conditions and have showed an agreement within ±3%.

 
Figure 1. Set of solar PV devices based on silicon sensors mounted in several different tilt angles and
orientations, operational at the IMUK (Institute for Meteorology and Climatology) [IMUK, 2017].

Two groups of identical devices are considered here: The first group consist of devices with 45◦
tilt, oriented to S, E, W, SE, and SW; the second group consists of vertical devices, oriented to S, E, W,
SE, SW, and N. The tilt angle for the first group (45◦) is chosen to represent the large number of roof
pitches, where most residential houses in Germany were built with a tilted roof angle between 40◦ and
45◦ [29]. According to the initial design of the measurement system, the S measurements are conducted
at tilt angles of 40◦ and 50◦, therefore we take the average of both sensors (40◦ and 50◦) to represent the
PV outputs at 45◦ tilt; the uncertainty resulting from this procedure and other orientation uncertainties
are less than 1% according to PVGIS calculations. Table 1 shows an overview about the inclination
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uncertainty, according to a Photovoltaic Geographical Information System (PVGIS) calculation [30]
for Hannover.

Table 1. Annual PV energy produced in Hannover with respect to the optimal inclination [%] according
to PVGIS.

East ← Azimuth → West

tilt 90 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90
0 86 86 86 86 86 86 86 86 86 86 86 86 86 86 86 86 86 86 86

10 86 87 88 89 90 91 92 92 93 93 93 92 92 91 90 89 88 87 86
20 84 86 88 90 92 94 95 96 97 97 97 96 96 94 93 91 89 87 84
30 81 84 87 90 93 95 97 98 99 99 99 98 97 96 93 91 88 85 81
40 78 82 85 89 92 94 96 98 99 100 99 98 97 95 92 89 86 82 78
50 74 78 82 86 89 92 94 96 97 97 97 96 95 92 90 87 83 79 74
60 70 74 78 82 85 88 90 92 93 93 93 92 91 89 86 82 79 74 70
70 65 69 73 76 80 82 84 86 87 87 87 86 85 83 80 77 73 69 65
80 59 63 67 70 73 75 77 78 79 80 79 79 78 76 73 70 67 64 60
90 53 57 60 63 65 67 69 69 70 70 70 70 69 68 66 63 60 57 54

3. PV System Output Calculation

In general, there are several ways to calculate the power output of PV systems. We used in this
study a simple method for calculating it [31]:

Pm,i = Prel ×
Im,i

IUTC
×

(
1 + γ

(
Tsen,i − 25

◦
C
))
× PLF (1)

where Pm is power output of the PV system, Prel is the rated PV system power (the output power of PV
device under standard test conditions), Im is the measured solar irradiance, IUTC = 1000 W/m2, Tsen is
the module temperature (in ◦C), γ is power temperature coefficient, and PLF is the power loss factor.

The equation contains the temperature coefficient to take into account the drop of sensor signal
because of the temperature and to correct the testing conditions. The losses because of inverter and the
degradation mechanisms of the PV sensors (0.5%/a) are included in Equation (1) as a PLF, which is
time dependent because of the degradation of sensors.

3.1. Load Profile

The power generation profiles were calculated by using the Equation (1). A synthesized dataset
of actual measured load profiles provided by HTW Berlin [32] is used to simulate a household’s
consumption pattern of electricity. The data set consists of 74 load profiles of German single-family
houses with a temporal resolution of 1 min for every day of the year. The load profile used for
the calculations is the average of six selected profiles which have an annual consumption between
3900 kWh and 4055 kWh. The average profile has an annual electricity consumption of 4006 kWh
(Figure 2). It can be assumed that the selected profiles represent a four-person household.
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Figure 2. Six private household profiles which have an annual consumption between 3900 kWh and
4055 kWh [32]. The average profile (black curve) has an annual electricity consumption of 4006 kWh.

3.2. Economic Parameters

Feed-in tariffs are the most common policy instrument worldwide to support renewable energy.
Many PV installations sell their power at local grid, and the majority of feed-in tariff contracts are
at a fixed price per kWh for 10–20 years [33]. This results in an optimal orientation that is the same
for both maximum economic yield and maximum energy production. The German FIT for solar
photovoltaic uses varying rates depending on the size of the project. Countries in which the FIT
was eliminated usually replace it by net metering schemes. The net metering is also used in many
different countries under different rules, but consists of a system in which the excess electricity injected
into the grid can be used at a later time to compensate the consumption when PV generation is not
sufficient. The compensation usually covers a specific period (usually 1–3 years) depending on the
country’s regulations, and any excess energy after this period is not remunerated. So, the main idea is to
configure the system settings in a way its annual production does not exceed the annual consumption,
minimizing the deviation between them and increasing SC. Examples of countries using net metering
schemes are: the United States (with particular conditions depending on the state), Denmark, Greece,
Australia, Brazil, Mexico, and Chile [34–36].

The FIT used in the financial model for the calculation is 10.64 Ct/kWh (from July, 2019) and the
price is constant for 20 years. The electricity price (30.22 Ct/kWh) considered in the calculations in this
study represents the average price level for private households in Germany in 2019, including taxes
and levies [37]. The increase of electricity price is expected to slow down to 2% p.a. as an average
value during the next 20 years. The levelized cost of PV energy (LC) in northern Germany ranges
between 9.89 Ct/kWh and 11.54 Ct/kWh, depending on the annual solar irradiance [38]; a value of
10 Ct/kWh is used in this study.

In the design of PV systems, the self-consumption rate (SC) and the degree of autarky (AD) are
two important quantities used to assess the congruence of the PV generation and electricity demand
profiles. The self-consumption rate is defined by the ratio of PV directly used (PDU) to the total amount
of PV power generated (Pm), according to Equation (2).

SC =
PDU

Pm
(2)
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The degree of autarky is defined as a ratio of PV directly used to the total consumption by the
household [39], according to Equation (3).

AD =
PDU

L
(3)

where L is the energy consumed by the loads.
The electricity price PE used to evaluate the economic impact of PV system at specific orientation

has been calculated according to Equation (4).

PE = (PG − PFi) + LC (4)

where PG is the grid electricity price, PFi is the FIT, and LC is the levelized cost of PV energy.
Figure 3 shows a workflow diagram used in this study to calculate the SC with the feed-in

components. The calculations are always dependent on the consumption of electricity, with the primary
objective to fulfil the demand from the PV produced energy, before purchasing from the public grid. If
the produced electricity exceeds the consumption of the house, the excess is supplied to the public
grid. Moreover, the internal rate of return (IRR) for all available orientations has been calculated over
the life cycle of the PV system (20 years) in order to enlighten prospective owners/investors of rooftop
PV systems. The IRR, defined as a discount rate that makes the net present value from all cash flows
from a project equal to zero, is used to evaluate the attractiveness of a project or investment, and it is
probably one of the most meaningful metric for investors [40]. The degradation mechanisms of the PV
collectors (0.5%/a) and an annual increase of electricity price (2%/a) were taken into account in the
IRR calculations.

Figure 3. Schematic view of the calculation of system components. The calculations are always
dependent on the load demand, with the primary objective to fulfil it from the PV produced energy,
before purchasing electricity from the public grid.

3.3. PV Software

PV estimation models are generally used to estimate the expected energy output of a PV system.
These models need specific input parameters such as meteorological conditions of the location, system
design details, and definitions of the main components used. A variety of software for the simulation of
PV systems is available in the market, including PVsyst, PVSOL, and others. PVsyst, developed at the
University of Geneva, is one of the most common modeling software tools used in the PV industry to
simulate the performance of grid-connected or stand-alone PV systems and calculate their energy yield.
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PVsyst allows the definition of meteorological databases from many different sources and formats, as
well as on-site measured data [41]. On the other hand, PVSOL is a German software developed by
Valentine Software [27] for dynamic simulation with 3D visualization and detailed shading analysis
of photovoltaic systems. PVSOL gives customers the best return on their investment by visualizing
systems, and it can perform economic and performance analysis with comprehensive reports.

4. Results and Discussion

4.1. Production and Consumption under Different Weather Conditions

Figure 4 shows the PV production profiles for the S and E-W orientations during three days of May
2018 with different weather conditions (clear sky, partly cloudy, and fully cloudy) and correspondent
customer load profiles for the same days of the year.

Figure 4. PV Production profiles for three days of May 2018 and the correspondent customer load profiles
for the same days of the year. The thick (gray) curve represents the 10-minte average consumption.

The load profiles show different peaks over the day according to consumption patterns, while,
the PV power production changes according to the movement of the sun and the weather conditions.
The influence of orientation is shown clearly in clear sky days, when the energy production depends
mainly on the sun’s position. The E-W orientation covers more the edges of the day and reduces
noon peak. On the other hand, the orientation is irrelevant under cloudy conditions, when the solar
irradiance dominated by diffuse component. In general, SC rate is higher under cloudy conditions.

4.2. Annual Insolation

The annual total solar energy as function of surface azimuth and tilt angles is depicted in Figure 5.
The left side histogram shows that the maximum annual total energy is for a south-facing surface with
a tilt angle between 30◦ and 40◦, closer to 40◦. The annual total energy is less than the maximum by
approximately 0.2% for surface orientation of 30◦ S, and it decreases gradually with higher or lower tilt
angles. The annual produced energy for the surfaces oriented at the same tilt angle (45◦) toward E and
W are 77.0% and 75.9% of the optimal orientation respectively. For orientations of 45◦ SE or SW, the
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annual total energy produced are 94.8% and 93.3% of maximum produced energy. The inequality in
total energy for E and W and in SE and SW may denote asymmetric distributions of solar irradiance
before and after midday. On the right histogram of Figure 4 we can see that, for a vertical surface with
orientation of 90◦ south, the produced energy is 66.2% of the 40◦ tilted surface, whereas it is about 50%
for E and W surfaces. The annual total energy of the northern vertical surface is reduced by about 74%.

Figure 5. Produced and consumed PV power averaged over all days of the years 2016–2018 for the S,
E-W, and SE-SW orientations at 45◦ tilt. The area below the gray curve represents the average load
profile. The E-W and SE-SW facing installation produce more electricity in the mornings and evenings
with a lower midday peak, so they match the load profile more closely.

In general, the amount of energy produced by a PV collector is proportional to solar radiation
received by a surface in a specific orientation. Table 2 shows the annual produced energy and its
percentage from the maximum value (at 45◦ S) for different orientations and tilt angles. The table
also shows the SC rate and AD for each orientation. For 45◦ tilt surfaces, the lowest SC rate (37.9%) is
for the S facing solar installation, while the highest SC rate (51.4%) is for the E-W combination. The
high SC rate is because the power output of E-W installation matches the load profile more closely,
producing more electric energy at the beginning and at the end of the day, with a lower midday
peak (Figure 6). The AD has its maximum at SE-SW combination (40.7%) and its minimum at the E
orientation (35.4%). Moreover, the economic efficiency of all studied orientations for the cases with
and without FIT is also listed in Table 2. Overall, the E-W and SE-SW combinations have the lowest
electricity cost (29.2 Ct/kWh and 29.1 Ct/kWh respectively), while the E orientation has the highest one
(30.7 Ct/kWh), both cases for the system without FIT. For PV systems with FIT, the S-facing systems
have the lowest electricity price (22.0 Ct/kWh) because of the high PV generation and accordingly the
high feed-in amount, while the E-facing systems have the highest price (25.6 Ct/kWh).
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Table 2. Results of measurement for a PV size of 4.8 kWp at different tilt angles in Hannover, Germany.

Orientation S45 E45 W45
E45 +
W45

SE45 SW45
SE45 +
SW45

S90 E90 W90 SE90 SW90 N90

Percentage of SS45 (%) 100 76.2 75.0 75.6 94.6 93.1 93.8 66.8 49.8 50.3 64.6 64.4 25.8

Annual PV Generation
(kWh/a) 4145 3157 3111 3134 3921 3859 3890 2769 2064 2046 2678 2655 1069

SC rate (%) 37.9 44.9 47.9 51.4 38.6 40.7 41.9 50.9 57.4 66.2 50.0 55.4 95.1

Autarky (%) 39.2 35.4 37.2 40.3 37.8 39.2 40.7 35.2 29.6 34.5 33.4 36.7 25.4

Cost
Ct/kWh

No FIT 29.5 30.7 30.1 29.2 30.5 29.5 29.1 30.9 32.7 31.1 31.4 30.4 34.0

With FIT 22.0 25.6 25.3 24.7 23.0 22.8 22.5 27.0 30.2 29.1 27.6 27.1 33.9

IRR %
Over 20 ys

No FIT 1.59 0.20 0.84 1.90 1.10 1.57 2.09 0.13 −2.15 −0.19 −0.53 0.70 −4.23

With FIT 7.05 4.13 4.42 5.14 6.29 6.45 6.82 3.23 0.12 1.45 2.61 3.33 −4.10

  

Figure 6. Average annual total solar energy (2016–2018) measured at IMUK and normalized values (in
%) with respect to the annual total maximum energy at 40◦ S. The solar energy decreases for higher or
lower tilt angles and for other azimuth angles.

The IRR analysis of PV systems without FIT shows that the SE-SW and E-W orientations tilted at
45◦ is more beneficial with an IRR value of 2.09% and 1.90%, respectively, when compared to the S
orientation at the same tilt with 1.59%. For PV systems with FIT, the IRR for the S orientation is higher
with a value of 7.05%, compared to the SE-SW and E-W orientations with 6.82% and 5.14%, respectively.

As expected, for the vertical surfaces, the S orientations gives the highest output (66.8% of the
maximum), while the lowest energy is produced by N-facing surface (25.8 of the maximum), because
of the Earth-sun geometry in the northern hemisphere. In terms of the SC rate, the N surfaces have the
highest rate, due to the low energy production in this direction, while the lowest rate (50.0%) is for the
SE surface. The AD has its maximum at SW orientation (36.7%) and it is minimum at N orientation
(25.4%). Accordingly, the SW orientation has the lowest electricity cost (30.4 Ct/kWh) for the system
without FIT, while the S and SW orientations have the lowest electricity cost (27.1 Ct/kWh) for PV
systems with FIT. The difference between prices is found to be small and is within ±3%. However,
we found that a changing the irradiance of 3% cause only a small change of the price and therefore
conclude that the assessed measurement uncertainties do not significantly affect the prices.

Moreover, we examined whether the PV self-consumption will be influenced similarly in all
investigated orientations, by changing the system size. For that purpose, we varied the module area
by +/−50% in 5% steps (Figure 7). As expected, the SC rate increased by a reduction of the module
area (in our specific case the default area was 24.3 m2) for the orientations (S45, E45-W45, SE45-SW45).
This increase only slightly depends on the orientation: The E40-W40 increased by 29% while the south
orientation increased by 26% with a reduction of the module area of 50%. While it is obvious that the
SC rate becomes smaller for larger module areas, an increase in module size will affect all orientations,
but the S orientation will be affected slightly less than the other orientations.
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Figure 7. The change in self-consumption (SC) rate with varying the module area by +/−50% in 5%
steps. The change in SC rate depends on the orientations.

4.3. Effects of the Changing Feed-In Tariffs

Feed-in tariffs of renewable energy in Germany are decreasing as each year passes and PV FIT
drops faster than any other renewable power source. In the last 15 years, the FIT recorded a decrease
of approximately 80% for small rooftop PV installations and 90% for medium-size PV systems [42].
Figure 8 shows the decrease in German FIT from 2000 to 2020.

Figure 8. The changes of PV FIT and electricity price in Germany (2000 to 2020). The FIT dropped
approximately 80% for small rooftop PV installations and 90% for medium-size PV systems [42].

According to Obane and Okajima [43], the FIT scheme for small PV systems is fast approaching
its closure or expiration in many countries. In Germany, the EEG law stipulates that further FIT
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systems will not be allowed, when the total PV installations reach 52 GW. At the end of April 2018, the
country had 43.8 GW PV installed. With the current tenders of PV, this cap is expected to be reached in
2020 [44]. However, the German government presently reconsidering this plan and is considering to
allow FIT in future when the 52 GW is exceeded. With decreasing FIT self-consumption is gaining
higher importance, especially with increasing cost of delivering PV electricity and rapid decline in
the cost of solar PV modules. In addition, after 2020, the FIT will gradually expire for the oldest PV
plants [42] and the produced PV power will be mainly used for SC. Thus, E-W and SE-SW orientations
will provide the highest SC rate and will be more beneficial for the householders. Our calculation
shows that the higher benefit of south orientation is no longer existent if FIT decreases to 7.0 Ct/kWh
or lower, where at least the SE-SW orientation will have a higher IRR that the S orientation.

The economic calculations above were done for the conditions of the present FIT in Germany.
The major conclusions, however, can used for many countries around the world, which apply FIT or
similar PV cost structures. The results are especially relevant for the countries, which offer a very low
FIT (e.g., New Zealand and Portugal) or for which eliminated the FIT scheme (e.g., UK, Spain, Czech
Republic, Italy).

4.4. Comparison with PV Software

For simulation of the IMUK measurement system, a fixed PV system configuration, consisting of
a 4.8 kWp is considered in the calculations, corresponding to the installation of 24 modules. Moreover,
the same load profile that is used for the calculation of SC and AD at IMUK is also used in both models.
Table 3 shows the important model parameters used in the simulation.

Table 3. Model parameters used in comparison.

Parameter Model (PVSol, PVSyst)

Modules 4.8 kWp, mono, 24 modules
Inverter ABB, 4.6 kW

Climate data Meteonorm 7.2
Transposition model Perez-Ineichen model

Diffuse radiation model Perez model

Both simulation programs have been run for each orientation separately. Table 4 shows the
simulated annually produced energies for all studied orientations and tilt angles. The programs
overestimate the south-tilted irradiance and most of the studied orientations. This may result from
the use of an anisotropic model (Perez-Ineichen model) to calculate the tilted irradiance, where we
found in a previous study [45] that anisotropic models overestimate the south-tilted irradiance and
most vertical-tilted irradiances.

The table also shows the SC and AD fractions for each orientation. For the 45◦-tilt surfaces,
the lowest SC (PVsyst = 32.9% and PVSOL = 32.3%) are for the S orientation, while the highest SC
(PVsyst = 43.1% and PVSOL = 44.5%) is for the E-W combination, which agrees with the measured
results. According to PVsyst, the AD has its maximum at E-W combination (37.4%) and at S orientation
(34.7%) according to PVSOL calculations, while it is minimum at the W orientation for both models
(PVsyst = 34.0%, PVSOL = 31.9).

For the vertical surfaces, the results of both programs show also that the S orientations gives the
highest output, while the lowest energy is produced by a N-facing surface. In terms of the SC rate, the
N surface has the highest fractions (PVsyst = 85.7% and PVSOL = 89.0%), while the lowest (40.7%) are
for the S surfaces. The AD has its maximum for S surfaces (PVsyst = 31.8% and PVSOL = 30.6%) and it
is minimum at the N orientation (PVsyst = 24.6% and PVSOL = 24.7). Table 4 also shows that both
PV programs overestimate the percentage of energy production at 45◦ in most orientations versus the
southern maximum value.
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Table 4. Results of PV software PVSPL and PVSyst for a PV size of 4.8 kWp at different orientation and
tilt angles.

Orientation S45 E45 W45
E45 +
W45

SE45 SW45
SE45 +
SW45

S90 E90 W90 SE90 SW90 NN90

PVsyst
Annual PV

(kWh) 4457 3596 3531 3564 4250 4174 4212 3161 2439 2362 3053 2938 1148

Percentage
of the max

(%)
100 79.5 79.3 78.7 94.8 94.1 93.9 71.0 55.1 54.6 68.4 67.2 26.0

SC (%) 32.9 40.7 38.9 43.1 34.9 33.9 36.1 40.7 49.5 46.6 42.3 40.9 85.7

AD (%) 36.2 35.6 34.0 37.4 36.4 35.1 37.3 31.8 30.1 28.0 31.9 30.3 24.6

PVSOL
Annual PV

(kWh) 4330 3425 3046 3148 4160 3857 3920 3012 2289 1975 2945 2629 1115

Percentage
of the max

(%)
100 77.8 68.7 71.3 95.9 88.3 90.1 69.9 53.1 45.9 68.4 61.1 25.8

SC (%) 32.3 39.9 43.1 44.5 33.4 35.6 35.6 40.7 50.4 57.0 41.5 45.6 89.0

AD (%) 34.7 33.4 31.9 34.1 34.5 33.8 34.5 30.6 28.8 28.1 30.5 29.9 24.7

In order to have comparable results of simulation with the measured results, the generated PV
energy of the IMUK system have been controlled by changing the PV area to produce the same annual
output as the inverter output of simulation software. Figure 9 shows the results of the comparison:
Both PV programs underestimate SC and AD for all studied orientations; SC rate was underestimated
by 0.4% to 14%, while AD values were underestimated by 1.3% to 8.1%. These results lead to the
conclusion that improvements are necessary in the modelling of SC and AD.

Figure 9. Comparison between IMUK results and simulated values. The used PV simulation software
underestimate self-consumption and degree of autarky at all studied orientations and tilt angles.
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5. Conclusions

Using one-minute measured data of PV energy, the outputs of 12 solar collectors at various tilt and
azimuth angles in Hannover (Germany) were analyzed. For validation, the results were also compared
with the simulated values of two widely used PV software: PVSOL and PVsyst.

The measurements show that a south-oriented generator at about 40◦ gives the highest electricity
profile. For non-vertical devices, the combinations of E and W orientations result in the highest SC rate
and combinations of SE and SW orientations result in the highest AD. E-W and SE-SW combinations
have the lowest electricity coast for PV systems without FIT, while the E orientation has the highest one.
For PV systems with FIT, S orientation provides the highest transfer of money from the supplier. The
economic analysis using IRR of PV systems without FIT shows that the SE-SW and E-W orientations
tilted at 45◦ is slightly more beneficial, while S orientation has higher IRR for PV systems with FIT.

However, in light of the continuing decline of FIT, the advantage of S orientation is decreasing
and our results show that E-W and SE-SW orientations will be more beneficial if FIT is to 7 Ct/kWh
or lower. East and west orientations of PV modules and not south orientations should be supported
because they would also reduce the economic costs for storing renewable energy—regardless who
would own the storage facilities—and avoid high noon peaks of solar energy production, which would
become a problem for the grid for higher solar power penetrations levels.

Furthermore, the results show that the vertical tilted surfaces represent a high potential for PV
energy production and facade PV systems could be an alternative for many people, especially for
those who do not have access to a rooftop. So far, combinations of different vertically tilted modules
as well as the combinations between vertical and 45◦-tilted surfaces have not yet been taken into
account because of the problems with the standardization of shadows from nearby building, trees and,
other obstacles.

The calculation in this study assumed a constant price for the FIT over the day. However, if we
consider the general trend to link the price of electricity with the spot market price, so that the price of
selling or feeding electricity to grid changes according to the production and demand, the E-W and
SE-SW orientations might become even more beneficial against S-facing PV systems. In addition, the
suitability criteria for rooftops carrying solar modules must be questioned [26]. More roofs should be
taken into account when diurnal variations are considered. Based on our measurements and analysis
we conclude that the yearly sum of produced electricity can no longer be the only criterion for the
installation of PV modules. Instead, other orientations may be more beneficial for both the owner and
the society that uses solar power.

Regarding the model validation, both of the tested PV software overestimate the energy production
at most studied orientations and also overestimate the percentage of these orientations when compared
to the south-oriented generator. This result agrees with previous results [45], which showed that
anisotropic models overestimate the S-tilted irradiance and most vertical irradiances. The need to
improve existing modelling has also been shown in previous studies [46,47]. A major cause for the
deviation between models and measurements may be the oversimplified assumptions about the sky
radiance, which can be overcome by new measurement techniques [48,49]. Moreover, the study showed
that the overestimation increases with increasing deviation from the south direction. In addition, both
PV programs underestimate SC rate and AD for all studied orientations. SC rate was underestimated
from 0.4% to 14%, while AD values were underestimated from 1.3% to 8.1%. These results lead to the
conclusion that improvements are necessary when modelling SC and AD.

The amount of solar irradiance received by the surface of the PV collector is among the most
important parameters that affect the performance of a PV system. Therefore, high-resolution tilted
solar irradiance data in various orientations and weather conditions are needed to feed the models for
better simulation of PV Power.
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Nomenclature

SC Self-consumption
AD Degree of autarky
Pm Power output of the PV system
Prel Rated PV system power
Im Measured solar irradiance
IUTC Solar irradiance at STC (1000 W/m2)
Tsen Sensor temperature
γ Power temperature coefficient
Pdu PV directly used energy
PLF Power loss factor
ϕ Geographical latitude ϕ

PVg Total PV generated energy
Pe Electricity price
PG Grid electricity price
Pfi, FIT Feed-in tariff
LC Levelized coast of PV energy
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of Photovoltaic Systems. Przegląd Elektrotechniczny 2017, 93, 201–204. [CrossRef]

8. Ghazi, S.; Ip, K. The effect of weather conditions on the efficiency of PV panels in southeast of UK. Renew.
Energy 2014, 69, 50–59. [CrossRef]

9. Colli, A.; Zaaiman, W.J. Maximum-power-based PV performance validation method: Application to
single-axis tracking and Fixed-Tilt c-Si systems in the Italian Alpine region. IEEE J. Photovolt 2012, 2, 555–563.
[CrossRef]

158



Energies 2019, 12, 4528

10. Bakirci, K. General models for optimum tilt angles of solar panels: Turkey case study. Renew. Sustain. Energy
Rev. 2012, 16, 6149–6159. [CrossRef]

11. Yan, R.; Saha, T.K.; Meredith, P.; Goodwin, S. Analysis of yearlong performance of differently tilted
photovoltaic systems in Brisbane, Australia. Energy Convers. Manag. 2013, 74, 102–108. [CrossRef]

12. Lave, M.; Kleissl, J. Optimum fixed orientations and benefits of tracking for capturing solar radiation in the
continental United States. Renew. Energy 2011, 36, 1145–1152. [CrossRef]

13. Agarwal, A.; Vashishtha, V.K.; Mishra, S.N. Comparative approach for the optimization of tilt angle to receive
maximum radiation. Int. J. Eng. Res. Technol. 2012, 1, 1–9.

14. Tang, R.; Wu, T. Optim. tilt-angles for solar collectors used in China. Appl. Energy 2004, 79, 239–248.
[CrossRef]

15. Uba, F.A.; Sarsah, E.A. Optimization of tilt angle for solar collectors in WA, Ghana, Pelagia Research Library.
Adv. Appl. Sci. Res. 2013, 4, 108–114.

16. Huld, T.; Šúri, M.; Dunlop, E.D. Comparison of potential solar electricity output from fixed-inclined and
two-axis tracking photovoltaic modules in Europe. Prog. Photovolt. Res. Appl. 2008, 16, 47–59, ISSN 1099-159X.
[CrossRef]

17. Huld, T.; Müller, R.; Gambardella, A. A new solar radiation database for estimating PV performance in
Europe and Africa. Sol. Energy 2012, 86, 1803–1815. [CrossRef]

18. Quinn, S.W.; Lehman, B.A. Simple formula for the optimum tilt angles of photovoltaic panels. In Proceedings
of the IEEE 14th Workshop on Control and Modeling for Power Electronics (COMPEL), Salt Lake City, UT,
USA, 23–26 June 2013; pp. 1–8.

19. Beringer, S.; Schilke, H.; Lohse, I.; Seckmeyer, G. Case study showing that the tilt angle of photovoltaic plants
is nearly irrelevant. Sol. Energy 2011, 85, 470–476. [CrossRef]

20. Bodis, K.; Kougias, I.; Jäger-Waldau, A.; Taylor, N.; Szabo, S. A high-resolution geospatial assessment of the
rooftop solar photovoltaic potential in the European Union. Renew. Sustain. Energy Rev. 2019, 114, 109309.
[CrossRef]

21. Mertens, K. Photovoltaics: Fundamentals, Technology and Practice, 1st ed.; John Wiley & Sons, Ltd. Published:
Hoboken, NJ, USA, 2014.

22. Luthander, R. Photovoltaic System Layout for Optimized Self-Consumption. Uppsala Universitet.
2013. Available online: http://www.diva-portal.org/smash/get/diva2:637625/FULLTEXT01.pdf (accessed on
26 November 2019).

23. Beck, T.; Kondziella, H.; Huard, G.; Bruckner, T. Assessing the influence of the temporal resolution of
electrical load and PV generation profiles on self-consumption and sizing of PV-battery systems. Appl.
Energy 2016, 173, 331–342. [CrossRef]

24. Luthander, R.; Widen, J.; Nilsson, D.; Palm, J. Photovoltaic self consumprion in buidings: A review. Appl.
Energy 2015, 142, 80–94. [CrossRef]

25. Leicester, P.A.; Rowley, P.N.; Goodier, C.I. Probabilistic analysis of solar photovoltaic self-consumption using
Bayesian network models. IET Renew. Power Gener. 2016, 10, 448–455. [CrossRef]

26. Martín, A.M.; Domínguez, J.; Amador, J. Applying LIDAR datasets and GIS based model to evaluate solar
potential over roofs: A review. AIMS Energy 2015, 3, 326–343. [CrossRef]

27. PVSOL. PV*SOL Online—A Free Tool Forsolar Power (PV) Systems. 2019. Available online: http:
//pvsol-online.valentin-software.com/#/ (accessed on 6 May 2019).

28. PVSyst, Version, 6.79; [Computer Software]; University of Geneva: Geneva, Switzerland, 2019.
29. DGS. EnergyMap.info; Deutsche Gesellschaft für Sonnenenergie e.V.: Berlin, Germany, 2015.
30. PVGIS. Overview of PVGIS data sources and calculation methods. European Commission. Available online:

http://re.jrc.ec.europa.eu/pvg_static/methods.html (accessed on 26 November 2019).
31. Idoko, L.; Anaya-Lara, O.; McDonald, A. Enhancing PV modules efficiency and power output using

multi-concept cooling technique. Energy Rep. 2018, 4, 357–369. [CrossRef]
32. Tjaden, T.; Bergner, J.; Weniger, J.; Quaschning, V. Repräsentative elektrische Lastprofile für Wohngebäude in

Deutschland auf 1-sekündiger Datenbasis. Technical report, Berlin, Germany. Hochschule für Technik und
Wirtschaft HTW Berlin. Available online: https://pvspeicher.htw-berlin.de/wp-content/uploads/2017/05/
HTW-BERLIN-2015-Repr%C3%A4sentative-elektrische-Lastprofile-f%C3%BCr-Wohngeb%C3%A4ude-
in-Deutschland-auf-1-sek%C3%BCndiger-Datenbasis.pdf (accessed on 26 November 2019).

159



Energies 2019, 12, 4528

33. Haysom, J.E.; Hinzer, K.; Wright, D. Impact of electricity tariffs on optimal orientation of photovoltaic
modules. Prog. Photovolt. Res. Appl. 2015, 24, 253–260. [CrossRef]

34. Jager-Waldau, A.; Bucher, C.; Frederiksen, K.H.B.; Guerro-Lemus, R.; Mason, G.; Mather, B.; Mayr, C.;
Moneta, D.; Nikoletatos, J.; Roberts, M.B. Self-consumption of electricity produced from PV systems in
apartment buildings—Comparison of the situation in Australia, Austria, Denmark, Germany, Greece, Italy,
Spain, Switzerland and the USA. In Proceedings of the 2018 IEEE 7th World Conf. Photovolt. Energy
Conversion, WCPEC 2018—A Jt. Conf. 45th IEEE PVSC, 28th PVSEC 34th EU PVSEC 1424–1430, Waikoloa
Village, HI, USA, 10–15 June 2018. [CrossRef]

35. Mojonero, D.H.; Villacorta, A.R.; Kuong, J.L. Impact assessment of net metering for residential photovoltaic
distributed generation in Peru. Int. J. Renew. Energy Res. 2018, 8, 1200–1207.

36. Pereira da Silva, P.; Dantas, G.; Pereira, G.I.; Câmara, L.; De Castro, N.J. Photovoltaic distributed
generation—An international review on diffusion, support policies, and electricity sector regulatory
adaptation. Renew. Sustain. Energy Rev. 2019, 103, 30–39. [CrossRef]

37. BDEW. BDEW-Strompreisanalyse (Haushalte und Industrie). Available online: https://www.bdew.de/me-
dia/documents/190115_BDEW-Strompreisanalyse_Januar-2019.pdf (accessed on 28 January 2019).

38. Fraunhofer Institute for Solar Energy Systems (ISE). Levelized Cost of Electricity Renewable Energy Technologies;
Fraunhofer Institute for Solar Energy Systems (ISE): Freiburg, Germany, 2018.

39. Stenzel, P.; Linssen, J.; Fleer, J.; Busch, F. Impact of temporal resolution of supply and demand profiles on
the design of photovoltaic battery systems for increased self-consumption. In Proceedings of the 2016 IEEE
International Energy Conference (ENERGYCON), Leuven, Belgium, 4–8 April 2016.

40. Talavera, D.L.; Nofuentes, G.; Aguilera, J. The Internal Rate of Return of Photovoltaic Grid-Connected
Systems: A Comprehensive Sensitivity. Renew. Energy 2010, 35, 101–111. [CrossRef]

41. Tapia, M. Evaluation of Performance Models against Actual Performance of Grid Connected PV Systems.
Master’s Thesis, Carl von Ossietzky Universität, Oldenburg, Germany, 2014.

42. Fraunhofer ISE. Recent Facts about Photovoltaics in Germany; Fraunhofer Institute for Solar Energy Systems
ISE: Freiburg, Gemmary, 2019.

43. Obane, H.; Okajima, K. Extracting issues significant to valuing electricity from small photovoltaic systems
using quantitative content analysis. Electr. J. 2019, 32, 106673. [CrossRef]

44. Solar Power Europe. Global Market Outlook for Solar Power 2018–2022; Solar Power Europe: Brussels, Belgium,
2018.

45. Mubarak, R.; Hofmann, M.; Riechelmann, S.; Seckmeyer, G. Comparison of modelled and measured tilted
solar irradiance for photovoltaic applications. Energies 2017, 10, 1688. [CrossRef]

46. Hofmann, M.; Seckmeyer, G. Influence of various irradiance models and their combination on simulation
results of photovoltaic systems. Energies 2017, 10, 1495. [CrossRef]

47. Hofmann, M.; Seckmeyer, G. A New Model for Estimating the Diffuse Fraction of Solar Irradiance for PV
System Simulations. Energies 2017, 10, 248. [CrossRef]

48. Seckmeyer, G.; Lagos Rivas, L.; Gaetani, C.; Heinzel, J.W.; Schrempf, M. Biologische und medizinische
Wirkungen solarer Strahlung (Biological and medical effects of solar radiation). In Promet, Heft 100
Strahlungsbilanzen; Chapter 13; Deutscher Wetterdienst (DWD): Offenbach am Main, Germany, 2018.

49. Riechelmann, S.; Schrempf, M.; Seckmeyer, G. Simultaneous measurement of spectral sky radiance by a
non-scanning multidirectional spectroradiometer (MUDIS). Meas. Sci. Technol. 2013, 24, 125501. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

160



energies

Review

Grid Synchronization and Islanding Detection
Methods for Single-Stage Photovoltaic Systems

Rosa Anna Mastromauro

Department of Information Engineering (DINFO), University of Florence, 50139 Florence, Italy;
rosaanna.mastromauro@unifi.it; Tel.: +39-055-275-8650

Received: 29 April 2020; Accepted: 28 June 2020; Published: 1 July 2020

Abstract: Synchronization and islanding detection represent some of the main issues for
grid-connected photovoltaic systems (PVSs). The synchronization technique allows to achieve
PVS high power factor operation and it provides grid voltage monitoring. The islanding detection
control function ensures safe operation of the PVS. Focusing on low-power single-stage PVSs, in this
study the most adopted and the highest performance synchronization and islanding detection
methods are discussed. The role of the synchronization system is fundamental to detect the grid
conditions, for the islanding detection purpose, and to manage the reconnection to the grid after a
PVS trip. Hence a combined review is advantageous.

Keywords: photovoltaicsystems; synchronizationsystems; phase-lockedloops; islandingdetectionmethods

1. Introduction

At the end of 2018, the world had 152 GW of installed photovoltaic (PV) electricity capacity.
The best PV markets in 2018 were China with 44.3 GW, India with 10.8 GW, USA with 10.7 GW, Japan
with 6.7 GW, Australia with 3.8 GW. The European Union (EU) has registered rise for the first time in
years with 8.4 GW, but this growth is far from the 23.2 GW registered in 2011. However, the growth
can be considered slow, some of the EU countries have already achieved high PV penetration due to
past installations such as Germany with a PV overall capacity of 45.5 GW by the end of 2018, Italy
that exceeds 20 GW, United Kingdom with 13 GW, Spain with 5.6 GW, Belgium with 4.3 GW and
Switzerland with 2.2 GW. It is estimated that overall, the PV systems (PVSs) had contributed to the
2.9% of the global electricity demand in 2018 and that the climate change impact is of 590 millions of
tons of CO2 saving every year [1–3].

Due to the photovoltaic prize reduction and availability of loan products, a significant portion of
PVSs have been recently installed also in absence of governments initiatives especially for residential
applications. A performance evaluation of residential PVSs in some European countries is presented
in [4]. Considering the period 2014–2016, the highest specific yield in kWh/kWp has been registered in
Italy in 2015.

The PVSs inverters price has diminished around 0.10 $/Wp in the last decade [5]. In addition,
the design optimization of the PVS converters has facilitated the reduction of the total cost of
ownership [6]. Nevertheless, the increase of PVS grid-connected installations implies several
management challenges depending also on the point of interconnection between the PVS and the
grid [7–10]. In this scenario advanced control features of the PVS inverters can contribute to overcome
some of the grid management challenges due to high penetration [11–13].

Looking at the residential applications, the PVSs can be single-stage or double-stage. In case of
single-stage PVSs, the PV array is directly connected to the inverter avoiding a boost DC/DC converter.
Single-stage transformerless PVSs represent the most promising technology due to lower weight,
higher efficiency, smaller size and limited cost than double-stage PVSs or single-stage architectures
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coupled to low-frequency transformers [14–18]. Focusing on a single-stage PVS, a review about some
of the main control issues is presented in [19], however the analysis is limited to current and voltage
control methods and maximum power point tracking (MPPT) techniques.

About the most important issues to be considered in grid-connected PVS there are the
synchronization with the grid and the detection of the islanding condition. Synchronization deals
with PVS high power factor operation, since the synchronization algorithms objective is to provide
grid voltage information about amplitude, phase and frequency in order to generate a current/voltage
reference which is in phase with the grid voltage [13,20–24].

Synchronization deals also with the grid voltage monitoring. According to the grid-connection
requirements [25], the PVSs connected to the low-voltage distribution grid must operate without
causing step change in the RMS voltage at the point of common coupling (PCC) exceeding 5% of rated
value. In addition, the synchronization parameters limits for grid-connected PVS are: 0.3 Hz for the
frequency difference, 10% for the voltage difference. Abnormal conditions can arise on the utility grid
which require a prompt response from the grid-connected PVS, hence the information provided by the
synchronization system are fundamental for this purpose [26–28].

Unintentional islanding phenomenon is verified in case of grid power outages when the PVS
continues to supply the local loads. Unintentional islanding can cause damages to the local electrical
loads, to the grid-connected PVS inverter, to the technicians during the maintenance operations.
Numerous improved islanding detection algorithms have been proposed in literature in the last years
aiming to detect islanding phenomenon in all possible cases [29–35]. However, many these algorithms
are not designed peculiarly for PVS.

In case of low power residential PVSs and in particular in case of single-stage systems, the PVS
inverter is commonly in charge of the islanding detection, hence the anti-islanding functionality
represents one of the main challenge in the PVS inverters design [18]. The anti-islanding protections
must be implemented on the basis of the international standards requirements for distributed power
generation systems (DPGSs) [25,36–38]. In particular, it is required that unintentional islanding be
detected in less than two seconds as already established in the previous guidelines for PVSs [39–41].

After a disconnection due to the islanding detection an improper reconnection event is not
improbable if the PVS breaker connects the system to the grid when the PVS voltage is out of phase.
In this hypothesis a second disconnection can occur due to the PVS protections action. Hence the
reclosing procedure has to be managed in strict coordination with the PVS synchronization system.
For this reason, synchronization and islanding detection issues must be analyzed together.

About synchronization systems some books have been published such as [42]. Few review papers
can be found in literature [23,43–46]. In [43] all the main families of synchronization techniques (also
including the artificial intelligence techniques) are classified showing advantages and disadvantages.
Basic concepts about phase-locked loop (PLL) techniques are explained in [44]. Reference [45] is
devoted to three-phase applications, reference [23] is devoted to single-phase application, while [46] is
oriented to design issues.

About islanding detection methods many review papers have been published in literature
considering different DPGSs [47–57]. Reference [47] provides a review of the islanding detection
methods for high power DPGSs. In [48] an extensive review of the islanding detection methods is
provided focusing on some performance indices evaluation and in particular on the detection time.
Reference [49] is focused just on passive methods, reference [50] is focused just on active methods.
In [51] the focus is on active and passive methods and a new active methods is proposed for a
three-phase PVS. The same islanding detection methods are discussed also in [52] also including the
hybrid detection methods. However, hybrid methods are categorized just as combination of active and
passive methods. In [53] some active islanding detection techniques are compared on the basis of a
new index assessing the non-detection-zone (NDZ) size. In [54] the active techniques are classified in
two categories: techniques introducing positive feedback in the control of the inverter and techniques
based on harmonics injection. In [55] the islanding detection methods based on different signal
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processing techniques are discussed in detail. Reference [56] provides a comprehensive review of the
islanding detection techniques particularly oriented to recent intelligence-based methods. A similar
approach is adopted in [57]. Intelligence-based islanding detection is out of topic in relation to the
present study.

All the analyzed papers share as starting point a first classification among remote islanding
detection techniques (based on communication) and local islanding detection techniques. Currently
this classification can be overtaken considering the availability of communication protocols and local
communication interface equipment by most PVS inverters.

No studies combining the analysis of the synchronization systems with the islanding detection
techniques can be found in literature for PVSs or for other DPGSs applications. Nevertheless, many
islanding detection schemes are based on modification or employment of additional synchronization
systems to assess the unintentional islanding condition. In addition, independently of the adopted
islanding detection technique, two synchronization systems are required in order to manage the
reconnection procedure to the main grid by a PVS after an islanding event. Starting from this issues,
the aim of this study is to provide a combined analysis about synchronization and islanding detection
techniques which need coordinated operation and proper integration in the PVSs control structure.

Focusing on single-stage single-phase PVSs, the present study aims at giving an update of the
most-recent trends about synchronization techniques and islanding detection methods, in particular:
in Section 2 there are summarized the main goals of the single-stage PVSs control systems. The most
adopted and the highest performance grid synchronization methods are analyzed in Section 3;
while Section 4 is an overview of the islanding detection methods. Section 5 is about coordination
between synchronization and islanding detection systems. Finally, the conclusions are presented in
Section 6.

2. Control System Functionalities of a Single-Stage photovoltaic Power System

The overall control structure of a single-stage PVS is shown in Figure 1 where it is assumed that
the PVS can be connected to a local load, to the utility grid or it can be part of a smartgrid. The control
functionalities can be classified in basic control functions and ancillary control functions. The basic
control functions are the maximum power extraction, the grid synchronization, the current and the
voltage control, the unintentional islanding detection. High power factor operation and harmonic
rejection are achieved by proper design of current and voltage controllers and of the synchronization
system. The current/voltage control reference signal is provided by the PV source power control which
consists of a maximum power point tracking (MPPT) algorithm and a DC voltage controller. The MPPT
algorithm is in charge of the maximum power extraction.

Figure 1. Single-stage photovoltaic systems (PVSs) control functions.
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The ancillary control functions are the ride-through capability, the voltage and the frequency
support to the local loads or the main grid. The ancillary control functions are out of the scope of the
present study.

3. Grid Synchronization

The phase angle of the grid voltage is a critical piece of information for grid-connected systems
since it is used to obtain the control reference signal as previously pointed out. Numerous methods
using different techniques for synchronization and grid-voltage monitoring have been presented in the
technical literature about DPGS. Most of these studies are related to three-phase systems [22,28,58,59]
than to single-phase applications [60,61]. Some of the methods are not always categorized properly,
thus leading to confusion. In order to clarify, the most used techniques can be organized as presented
in Figure 2.

Figure 2. PVSs synchronization techniques classification.

Commonly the synchronization and grid voltage monitoring methods are classified in two main
categories: zero-crossing detection (ZCD) methods [62] avoiding the grid voltage phase control,
phase-locked loop (PLL) methods based on a strict control of the grid voltage phase [63]. The PLL
techniques are generally categorized as PLL based on ZCD, on the arctangent function [64] and on
the Park transform [44]. Among these, the Park transform-based PLL provides the best performance.
Actually, in the last years, a new family of PLLs known as enhanced PLL has been ranked as the
most promising.

Looking at the single-stage PVS shown in Figure 1, two synchronization systems are required in
order to manage correctly the disconnections and reconnections with the main power system: the first
synchronization system is used to monitor the voltage grid, the second one is used to monitor the
PVS voltage. Among the synchronization systems presented in literature, only some methods are
compatible with the considered application.

3.1. Zero-Crossing Detection Methods

An elementary method used to extract information about phase and frequency of the grid voltage
is based on the zero-crossing measurement [62,65–67]. The ZCD structure is shown in Figure 3.
When the grid voltage waveform crosses the zero, a counter provides in output information about the
period and, consequently, the estimated frequency ω̂ of the grid voltage is obtained. The phase θ̂ of
the grid voltage is achieved integrating ω̂. Despite the simplicity, this technique does not allow high
dynamic performances. Indeed, the phase tracking can be fulfilled just for each half cycle of the grid
voltage waveform.
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Figure 3. Zero-crossing detection (ZCD) structure.

Since the grid voltage e is generally affected by power quality disturbances, a low-pass filter
(LPF) is used to extract the fundamental frequency f̂ of the original signal. No controller is employed
in the detection and the method is not proper to track and to monitor the grid voltage in case of
abrupt changes.

3.2. PLLs

The PLL consists of a phase comparator and a PI controller. The phase comparator determines the
phase error ε which is provided in input to the PI. A reference frequency ωIC and the output of the
PI are summed in order to evaluate the grid voltage frequency ω̂. The feed-forward action allows to
improve the PLL dynamic performance. Later the grid voltage angle θ̂ is calculated by the information
of the grid voltage frequency. The phase comparator operation can be based on a reference signal
provided by the ZCD of the input grid voltage, by the arctangent function of by the Park transform.

In case of ZCD PLL, the ZCD discussed in the previous subsection is employed to extract the
phase reference for the phase comparator [42,68]. As described before, also this synchronization system
is not proper to track the grid voltage in case of abrupt variations. However, the ZCD PLL provides
better performance than the ZCD technique since the estimated angle θ̂ is controlled in closed loop.

Both the arctangent function-based PLLs and the Park transform-based PLLs require a voltage
orthogonal system. In case of the arctangent function-based PLL [42,64], the phase reference for the
phase comparator is extracted calculating the arctangent by eα and eβ information. The disadvantage is
that the arctangent function is not easy to implement.

In Figure 4 there is shown the structure of a PLL-based on the Park transform which represents
the most adopted solution.
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Figure 4. Phase-locked loop (PLL) structure based on the Park transform.

A coordinate transformation from αβ to dq is usually adopted to process DC signals instead of
AC signals. The grid voltage phase angle is extracted synchronizing the grid voltage vector with the dq
rotating reference frame. Forcing the q-axis voltage reference to zero, the lock with the grid voltage is
ensured [69]. The error signal is processed by a PI. The output of the PI controller is the grid frequency.
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The estimated frequency is integrated; hence the grid voltage phase angle is measured, and the result
is provided in input to the αβ-dq transformation block. As shown in Figure 4, the phase detection is
based on the Park transform [70] while the PI controller acts as a filter which determines the dynamics
of the phase lock. For this reason, the PI controller parameters are chosen considering the tradeoff
between filtering performance and fast dynamics [46].

All the PLLs described up to now need a LPF as in case of the ZCD synchronization method.
It occurs to extract the fundamental frequency f̂ of the original signal e which is commonly affected
by harmonic disturbances. Neglecting the LPF, the detailed structure of the PLL based on the Park
transform is depicted in Figure 5 for a better understanding of how the phase comparator is obtained
through the use of the Park transform.
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Figure 5. Detailed PLL structure based on the Park transform.

In case of single-phase systems, the orthogonal voltage system has to be artificially generated [21,71]
and it represents the main challenge for the grid voltage monitoring. The orthogonal signal generator
(OSG) is in charge of the orthogonal voltage system realization. One of the most advanced technique
adopts the second order generalized integrator (SOGI) [72,73]. The OSG based on the SOGI filter allows
also to extract the fundamental component of the grid voltage, for this reason the LPF used to extract f̂
can be avoided in case of the SOGI PLL. The OSG based on the SOGI filter is shown in Figure 6.

The grid voltage e is transformed in two sinusoidal signals denoted as e’ and qe’. e’ and qe are
phase shifted of π/2. The sinusoidal signal e’ is in phase with the grid voltage e. In addition, e’ and the
first harmonic component of the grid voltage exhibit the same magnitude.

qe s

ω

e k

s
e

Figure 6. Orthogonal signal generator (OSG)–second-order generalized integrator (SOGI)
standard structure.

The SOGI acts like an infinite gain band-pass filter whose transfer function is defined as:

HSOGI(s) =
ωns

s2 +ω2
n

(1)
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where ωn represents the undamped natural frequency of the SOGI which should coincide with the
estimated frequency (ωn = ω̂).

The performances of all the single-phase PLLs based on a OSG are particularly affected by the
voltage offset commonly introduced by the measurement equipment and by the signal processing
operation [27]. The frequency of the error derived by the grid voltage offset is the same of the grid
voltage waveform. The PLLs based on a OSG are not properly designed to provide rejection to the
voltage offset. However, since the PI controller acts as a filter, the PLL controller parameters could be
tuned in order to achieve filtering of the voltage offset. It would modify the bandwidth of the overall
system, but, unfortunately, it would impact considerably the dynamic performances of the PLL. In [71]
the performances of single-phase PLLs based on different OSGs are compared and a guideline for the
PLLs parameters tuning is proposed.

3.3. EPLLs

In the last years, an alternative synchronization technique known as enhanced phase-locked
loop (EPLL) has succeeded [23,74] due to high filtering performance. It consists of an adaptive
nonlinear detection algorithm which provides two orthogonal signals synchronized with the grid
voltage. The EPLL structure is represented in Figure 7. It allows to estimate the frequency, the phase
and also the amplitude EEPLL of the input signal fundamental component. The EPLL operates as an
adaptive filter (either a notch or a band–pass filter) whose frequency tracks the fundamental frequency
of the grid voltage. eEPLL denotes the filtered signal tracking the grid voltage supplied in input.
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i PLLk

ω

Figure 7. Enhanced phase-locked loop (EPLL) structure.

The EPLL represents one of the most promising synchronization systems for single-phase
applications since it provides: filtering capability in respect to the undesired harmonics, adaptive
detection of the grid voltage fundamental frequency, proper estimation of frequency, angle and
amplitude of the grid voltage supplied in input [24,75]. Some modifications of the EPLL have been
also proposed in the most recent literature, in particular in [76] the structure of the EPLL has been
modified in order to achieve a linear model.

The main differences of the EPLL compared to the PLL based on the Park transform occur
testing the two systems in presence of grid voltage perturbations, in particular frequency changes
and harmonics. It has been demonstrated that the EPLL exhibits higher filtering capability and
shorter transients [23,77]. For all these reasons the EPLL represents the ideal candidate to operate in
coordination with the islanding detection techniques discussed in the following Section.

4. Islanding Detection

In case of grid disconnection, the PVS operation depends on the power level provided by the
PVS before islanding occurrence. In Figure 8 it is represented the PVS power stage for the islanding
detection test. The grid utility breaker is denoted as Sg, two different breakers S1 and S2 are used to
connect the PVS to the point of common coupling (PCC) and to connect the load. A variable RLC
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load is considered in order to assess the islanding phenomenon in case of different load powers and
quality factors.

e

gZ

Figure 8. Photovoltaic system (PVS) power stage for islanding detection test.

For each islanding detection method, the non-detection-zone (NDZ) defines the area where
the anti-islanding methods fail to detect islanding. As a consequence, the NDZ can be used as a
performance index to assess the islanding detection methods [78–80]. However, in comparison with
the previous version of the standard [81], the new standard [25] requires voltage and frequency
ride-through capability of the PVSs which increases the NDZ of the islanding detection algorithms.
Hence it has to be pointed out that ride-through requirements hazard the islanding detection techniques.

Traditionally the islanding detection methods were classified in remote techniques (based on
communication signals) and local techniques. Considering the recent advancements of communication
equipment and the requirements updates related to the PVS standards, in this study a different
classification is adopted. The islanding detection methods are classified in four main categories:
Communication-based methods [82], passive methods [49], active methods [25,50] and signal
processing-based methods [55]. In addition, in order to improve the performance of the islanding
detection methods and to satisfy the standard requirements, hybrid techniques are developing in the
last years which are based on combination of the previous categories. In Figure 9 the main islanding
detection methods are summarized.

Figure 9. PVSs islanding detection methods classification.

4.1. Communication-Based Methods

Communication-based methods allow to achieve accurate and reliable assessment of the islanding
conditions. Otherwise, considering the number of PVSs to be managed and the power size,
the required equipment can vary [82,83]. Hence these solutions are not common in case of low
voltage and low power residential PVSs. The communication-based methods can be classified in:
power line carrier communication (PLCC) methods, Supervisory Control Moreover, data acquisition
(SCADA)-based methods.

168



Energies 2020, 13, 3382

4.1.1. PLCC-Based Methods

The PLCC-based methods allow a continuous test of the grid connection. A continuous carrier is
adopted [84–87] and all the PVSs are equipped with a receiver. When the grid breaker Sg is opened as
a consequence of grid disconnection, the receivers do not catch signals and the islanding condition
is detected. The PLCC-based techniques are particularly resilient to noise since the PVSs inverters
switching frequencies do not influence the PLCC signals.

4.1.2. SCADA-Based Methods

The SCADA-based methods assess the status of the breakers connecting the PVSs to the
grid [57,88,89]. Using the SCADA methods, the coordination between the PVS and the grid utility
operations is significantly improved, and the islanding phenomenon can be detected avoiding a NDZ
area. Cost and complexity of the equipment represent the main disadvantages.

4.2. Passive Methods

Compared to the communication-based methods, the passive islanding detection methods present
simple implementation based on protection relays and synchronization systems [41,49]. The most
famous passive methods are over/under voltage (OUV) and over-under frequency (OUF), phase jump
(PJ), rate of change of frequency (ROCOF), voltage harmonic monitoring (VHM).

4.2.1. OUV and OUF Methods

All grid-connected PVS inverters are required to have OUV and OUF protections. The aim is to
avoid power supply by the PVSs when the voltage amplitude and frequency values at the PCC are
different from set values [41,90].

Considering an RLC load whose resonant frequency is equal to the grid frequency, no reactive
power absorption is verified by the load. In case of grid disconnection, the power absorbed by the load
is equal to the active power provided by the PVS. Hence the RMS value of the voltage provided by the
PVS at the PCC changes from EPVS = E before the disconnection to:

EPVS = δE (2)

where E is the rated RMS value of the grid voltage,

δ =

√
PPVS

PL
(3)

PPVS is the active power supplied by the PVS, PL is the rated load active power.
In conclusion the voltage value at the PCC increases or decreases depending on the PVS power

generation. As a consequence, also the reactive power changes on the basis of the following relationship:

QPVS =

((
1

LωPVS

)
−CωPVS

)
E2

PVS (4)

In (4) L and C are the inductive and capacitive components of the RLC load, ωPVS denotes the
voltage frequency at the PCC after the grid disconnection. Hence it results:

ωPVS =

−
(

QPVS
E2

PVSC

)
+

√(
QPVS
E2

PVSC

)2
+ 4

LC

2
(5)

The voltage frequency and amplitude variations allow to detect islanding operation. Unfortunately,
in case of power balance between the PVS generation and the load, no active and reactive power
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variations are registered and consequently no voltage frequency and amplitude variations can be
measured. Similarly, small active and reactive power variations imply small voltage variations in
terms of frequency and amplitude. For this reason, the OUV and OUF protection cannot detect
islanding. OUV and OUF protections are considered insufficient anti-islanding techniques since the
active and reactive power variations due to the islanding phenomenon are commonly limited and, as a
consequence, there is high probability to fall into the NDZ.

4.2.2. Phase Jump Method

The aim of the phase jump (PJ) method is the detection of a “jump” between the PVS inverter
current and voltage [78]. The PJ technique represents one of the first anti-islanding methods and
it is based on the use of synchronization systems extracting information about the current and the
voltage phase. However, considering the present availability of fast PLLs and the development of high
performance current controllers, voltage and current synchronization could be achieved also during
islanding operation. Consequently, the detection of the islanding phenomenon based on this technique
could fail.

4.2.3. Rate of Change of Frequency Method

The ROCOF islanding detection method measures the rate of change of frequency df/dt in a set
time window. When the grid is disconnected, the power mismatch between generation and load causes
frequency variations. The PVS is tripped when df/dt exceeds the threshold value [91,92]. The threshold
setting is the main issue of this method since it is necessary to distinguish islanding from load changes.
Besides the ROCOF exhibits a wide NDZ combined with slow dynamics.

4.2.4. Voltage Harmonic Monitoring Method

The voltage harmonic monitoring (VHM) method is based on the voltage harmonic distortion
estimation to detect the occurrence of the islanding phenomenon [49]. In grid-connected operation the
voltage at the PCC is set by the grid, but, in case of grid disconnection, the PVS inverter determines the
voltage at the PCC. Nevertheless, the voltage harmonic distortion varies with the grid impedance and
it depends on the loads connected to the PCC. As a consequence, the accuracy of the method can be
hazarded if the islanding detection thresholds are not properly set. Better performance can be achieved
monitoring some selected harmonics variations rather than the overall voltage harmonic distortion.
In this hypothesis the harmonics variations can be detected by means of PLLs tuned in order to track
the selected harmonic components.

4.3. Active Methods

The active islanding detection methods are developed with the goal to achieve better performance
than the passive methods. The active methods introduce a perturbation in the PVS through the
injection of an active signal [50,93]. The active signal injection is designed considering starting from
ideal operating conditions of the PVS. The main active methods can be classified in: Grid impedance
variation methods, active and reactive power injections methods, active frequency drift (AFD), Sandia
frequency shift (SFS), Sandia voltage shift (SVS), slip-mode frequency shift (SMS).

4.3.1. Grid Impedance Variation Methods

Islanding phenomenon assessment can be based on grid impedance variations
monitoring [78,94,95]. A small harmonic current component is drained into the PVS. The grid
impedance is evaluated at the frequency of the injected harmonic component. Additional equipment
can be employed to measure the grid impedance. Otherwise the grid impedance measurement can be
embedded in the PVS inverter control system.
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Stability and power quality issues must be tackled when this technique is applied to numerous PVS
connected in parallel due to the combination of the injected perturbations and possible inter-harmonics.

4.3.2. Active and Reactive Power Injections Methods

The rationale of the active power injections method is to use controlled active power injections
causing active power variations ΔPPVS in the PVS. Consequently, voltage variations can be observed
exceeding the threshold voltage value of the islanding protections [50]. Assuming a resistive load R,
whose power PL is constant, it is possible to express the power provided by the PVS as function of the
voltage at the PCC. In case of islanding condition, it results:

PPVS = PL =
EPVS

2

R
(6)

Hence it can be obtained:

∂PPVS
∂EPVS

= 2 · EPVS
R

= 2 ·
√

R · PPVS

R
= 2 ·

√
PPVS

R
(7)

The voltage variation can be evaluated as:

ΔEPVS =
ΔPPVS

2
·
√

R
PPVS

(8)

The method is effective but is requires some tuning procedure in order to avoid overcurrents due
to the active power injections. The disadvantage is that the islanding technique has to be coordinated
with the MPPT operation. Hence the main challenge is to determine when the active power injection
can be applied without jeopardizing the other control functions.

Similarly, reactive power injections can be used to cause reactive power variations ΔQPVS in the
system [96]. As a consequence, frequency variations are obtained exceeding the frequency threshold
value and islanding condition can be detected.

4.3.3. Active Frequency Drift

The active frequency drift (AFD) is based on a perturbation of the PVS inverter current. In particular,
the PVS inverter current reference is modified adding a disturbance current [29]. Denoting as T the
period of the grid voltage, it occurs that the PVS inverter current is null for a time portion indicated
with tc in each half cycle as shown in Figure 10.

T/2

tctc

Figure 10. Half wave of the PVS inverter current with and without active frequency drift (AFD).

During grid-connected operation the PVS inverter voltage is not affected by the perturbation.
Differently in islanding operation the PVS inverter voltage “drifts” up or down as a consequence of the
continuous inverter current variation. The frequency change has to be detected by the UOF protections.
Successively the PVS is promptly disconnected.
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The AFD method is characterized by a chopping factor c which measures the amount of
the perturbation:

c =
2tc

T
(9)

The method ensures correct islanding detection and simple implementation, but the main
disadvantage is the power quality detriment due to the current variation. Hence the method is not
appropriate in case of numerous PVSs connected in parallel.

4.3.4. Sandia Frequency Shift

The Sandia frequency shift (SFS) methods derives from the AFD technique. SFS perturbs the PVS
adding a dead-time to the PVS inverter reference current. Hence the inverter current exhibits a phase
“shift” [29,97–99].

For this method, the chopping factor cS is defined as:

cS = cSo + kSFS( fPVS − f ) (10)

where kSFS is a proportional gain, cSo is the chopping factor in absence of frequency error, f is the grid
frequency and fPVS is the output frequency of the PVS inverter.

When the PVS is connected to the grid, the frequency error is null since the grid sets the frequency
at the PCC. On the contrary, during islanding operation, the frequency error is not negligible. As a
consequence, the PVS inverter current grows in order to overcome the phase shift, the chopping
frequency increases, and the frequency varies beyond the OUF threshold values. Hence islanding
is detected.

The SFS NDZ is smaller than the AFD NDZ. The improved islanding detection performances
are achieved to the detriment of the power quality performances. In addition, in case of high PVSs
penetration, unexpected transient disturbances can be registered.

4.3.5. Sandia Voltage Shift

The Sandia voltage shift (SVS) method operates with positive feedback of the PCC voltage
amplitude [29,100]. During grid-connected operation of the PVS no significant variations are observed.
In case of disconnection of the grid, voltage variations are monitored at the PCC. As a consequence,
also the PVS inverter voltage varies and later the PVS is tripped since the voltage variations exceed the
OUV protections threshold values. The NDZ of the SVS method is very small. However, the power
quality is worsened and also the efficiency is reduced since the power processed by the inverter varies.

4.3.6. Slip-Mode Frequency Shift

The slip-mode frequency shift (SMS) detects islanding phenomenon using positive feedback to
lead the PVS towards instability in case of grid disconnection [80,101,102]. In case of grid disconnection,
the PVS frequency changes naturally. The PVS PLL action can be modified in order to increase the
frequency rate of change rather than to annul it. The phase is forced to be a function of the voltage
frequency at the PCC. The PLL acts to increase the frequency until the PVS inverter voltage phase
grows faster than the phase of the RLC load (unstable region). The PVS is tripped when the inverter
voltage frequency exceeds the threshold value. The method can fail when the load phase slope is
higher than the slope achieved by the SMS technique. In this case instability could not be recognized.

In Figure 11 there is shown how the action of the PVS PLL is modified on the basis of the SMS
rationale. The PVS phase angle changes from θ̂PVS to θSMS.
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Figure 11. PVS PLL operation in case of SMS islanding-detection technique.

4.4. Signal Processing-Based Methods

Signal processing techniques can be adopted to design new islanding detection algorithms or
to improve the performance of the previous developed algorithms [55,82]. The signal processing
islanding detection methods are generally based on (a) Fourier transform; (b) wavelet transform and
(c) S-transform.

4.4.1. Fourier Transform-Based Methods

The PVS output power is typically affected by variations after grid disconnection, as a consequence,
its spectrum varies with continuity in a certain frequency range. Fourier transform (FT) is not proper
for the analysis of non-stationary signals. Hence it cannot provide information about fluctuating
signals linked to the islanding occurrence [103]. For this reason, the application of this signal processing
technique to the analysis of transient phenomena such as islanding is not very common. However,
some islanding detection techniques based on the Discrete Fourier transform (DFT) and its modifications
have been discussed in literature [104,105]. In [104] a modified VHM islanding detection technique is
proposed. Since the equivalent harmonic components measured at the PCC change in case of islanding
occurrence, the DFT is employed to assess harmonic components variations. Differently in [105] a kind
of FT, named Goertzel algorithm, is employed to develop an active islanding detection method where
the Goertzel algorithm extracts the magnitude and phase of some selected components with limited
computational burden.

4.4.2. Wavelet Transform-Based Methods

Filters based on the wavelet transform (WT) can track the PVS output power spectrum variations
in a certain frequency range. Indeed, WT can process simultaneously signals varying in time and
in frequency also in case of non-stationary waveforms. The signal to be processed is decomposed
in different levels and the coefficient vectors of each level vary with the signal length. Numerous
islanding detection methods based on different mother wavelets were developed [106–111]. As an
example, in [108] the multiresolution analysis (MRA) based on the WT is employed to break down
the DPGS voltage into different scales. In [109] the WT is adopted just to enhance the performance
of the conventional islanding detection methods. In [110] the WT and the back propagation neural
network (BPNN) are combined to provide a new islanding detection method based on the normalized
logarithmic energy entropy estimation. In [111] the islanding detection technique is based on
localization of high-frequency harmonics due to the PVS inverter switching. WT-based algorithms
provide generally high performance islanding detection techniques with limited computational burden
and implementation complexity. On the contrary these techniques suffer particularly for noise.

4.4.3. S-Transform-Based Methods

S-transform (ST) represents a superior signal processing technique which was born to overcome
the noise sensitivity issue of the WT. Various high performance islanding detection techniques based
on the ST have been proposed in [112–114]. In [112,113] there are compared the performances of
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the ST and of the WT. Better results in terms of islanding detection and localization are obtained
using the ST instead of the WT. Similar results are achieved in [114] where the islanding detection
method is based on the analysis of the negative sequence voltage. For this reason, the method cannot
be applied to single-phase PVS avoiding modifications. However, it is demonstrated that the use
of the ST results particularly advantageous to detect islanding condition also in presence of noise.
In conclusion, higher performances are ensured in the islanding detection since S-transform allows the
extraction of the phase of each frequency component related to the time-varying signals involved in
the islanding phenomenon. Nevertheless, these techniques require more computational burden than
the WT-based methods.

4.5. Hybrid Methods

In the present standard [25], it is established that any requirements for ride-through shall not
be falsely inhibited by any methods or design features utilized to meet the unintentional islanding
detection when an actual unintentional island condition does not exist. Conversely, the unintentional
islanding detection requirements shall not be inhibited by ride-through during valid unintentional
islanding conditions.

Passive methods operating alone cannot provide satisfying results considering their poor islanding
detection performance and the need to ensure ride-through capability by the PVS. Better results can be
obtained using active methods, but the power quality is often affected.

Taking into account also the recent advancement in computing capability and communication
systems, hybrid islanding detection techniques, based on combinations of the four categories
previously discussed, represent the most promising techniques [115–125]. Starting from combination
or modification of conventional methods, in [115] some islanding detection methods are proposed
as integration of well-known passive methods. In [116] a modified active SVS method is presented,
and the modulation index is used as injected signal to achieve the voltage magnitude shift and to
detect the islanding phenomenon. In [117] a hybrid active method is developed combining a threshold
filter (based on a binary tree classifier) with a harmonic amplification factor used as perturbation
to detect islanding. In [118] a modified active islanding detection method is obtained varying the
amplitude of the PVS current periodically. In this case islanding occurrence is detected through the
AFD method when high current variations are registered. In [119] an active technique is obtained
combining the AFD with the SMS. In [120] a new active islanding detection method is proposed and
based on the droop control theory. The droop control is modified considering a correlation function
between the frequency and the reactive power. This function is used to detect the islanding condition.
Moving towards more innovative solutions, in [121] a new islanding detection technique is based on
the addition of a variable impedance and a hybrid automatic transfer switch. In [122] computational
geometry has been applied to derive an islanding detection technique based on a classifier module.
As in case of the active methods, the technique discussed in [123] uses harmonic current injection.
The islanding condition is detected through cross correlation. In [124] an original islanding detection
scheme based on machine learning adoption is proposed. In [125] a communication-based islanding
detection method is presented based on a wireless sensors network. The performances are improved
adding a combination of selected loads in the system in order to avoid excessive voltage variations.

4.6. Performances Evaluation of the Islanding Detection Methods

The performances of the considered islanding detection categories are reviewed in Table 1.
The main advantages and disadvantages related to the same categories are summarized in
Table 2. The hybrid methods are combinations of the islanding detection techniques categorized
as communication-based methods, passive methods, active methods and signal processing-based
methods. The performances of the hybrid methods depend on the original characteristics of the
techniques that they match, hence hybrid methods are not reported in Tables 1 and 2. The hybrid
methods are designed to overcome the disadvantages of the islanding detection techniques previously

174



Energies 2020, 13, 3382

developed. As a consequence, hybrid methods are progressively updated, and they can be assessed as
tradeoff among advantages of the original methods and increased implementation complexity.

Table 1. Performances of the islanding detection methods.

Communication-Based Methods Passive Methods Active Methods Signal Processing-Based Methods

Accuracy high poor high high
NDZ area absent wide limited absent or limited
Dynamics fast generally fast medium slow fast

Impact on the grid no no medium or significant no
Price high limited limited high

Table 2. Advantages and disadvantages of the islanding detection methods.

Communication-Based
Methods

Passive Methods Active Methods Signal Processing-Based Methods

Advantage reliability simplicity accuracy
relative simplicity accuracy

Disadvantage expensive with regard to low
power PVSs

erroneous
detection in case of
power balance
between generation
and load

power quality detriment complexity

improper
estimation due to
ride-through
requirements
compliance

stability hazard in case of
numerous PVSs connected
in parallel

5. Synchronization and Islanding Detection Coordination

ZCD methods and ZCD-based PLLs exhibit low dynamic performance and are not suitable for
grid voltage monitoring in case of abrupt changes of the grid voltage and power quality disturbances.
Arctangent-based PLLs are not particularly widespread due to implementation issues. The PLLs based
on Park transform and SOGI OSG, known as SOGI PLLs and the EPLLs represent the most promising
synchronization systems for single-phase PVSs due to high filtering capability, also in presence of grid
voltage harmonic distortion, accuracy and high dynamic performances also in case of grid voltage
abrupt variations. SOGI PLLs and EPLLs are ideal candidates to be employed in the islanding detection
and in the reconnection of a PVS to the main grid after an islanding event.

5.1. Impact of the Synchronization Systems on the Islanding Detection Methods

Many islanding detection methods are based on information about the amplitude, the phase
and the frequency of the PVS voltage. These methods do not require additional synchronization
systems to be included in the PVS control structure. The SOGI PLLs and the EPLLs represent the best
synchronization systems for this kind of applications. Other islanding detection techniques require
additional synchronization systems in order to monitor some selected harmonics and the PVS current
or can require some modification of the synchronization system generally used to track the PVS voltage.
There are also some islanding detection techniques which are not based on synchronization systems
information. In Table 3 there are reported the main devices used by the different islanding detection
methods discussed in Section 4. The islanding detection methods which employ PLLs or EPLLs are
pointed out. Hybrid methods are not included in Table 3 since their characteristics depend on the
original methods that they combine.

Looking at Table 3, it can be observed that both communication-based techniques and signal
processing-based techniques avoid the use of PLLs. Indeed, the communication-based islanding
detection techniques are based on communication interface equipment, in particular receivers.
The signal processing-based techniques are based on harmonics measurement and localization related
to time-varying electrical signals such as voltage, power, entropy, etc. The harmonics decomposition is
achieved through the use of the FT, the WT or the ST.
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Table 3. Main devices of the islanding detection techniques.

Method Devices

Communication-based
PLCC-based

Receivers
SCADA-based

Passive

OUV/OUF Solid-state relays or PLLs/EPLLs
coordinated with relaysROCOF

PJ Additional PLL/EPLL for
current monitoring

VHM Additional PLLS/EPLLS for
voltage harmonics monitoring

Active

Grid impedance variation Impedance measurement

Active and reactive power injections

Solid-state relays or PLLs/EPLLs
coordinated with relays

AFD

SFS

SVS

SMS Modified or additional PLL/EPLL

Signal-processing-based
FT-based Harmonics measurement and

localization of electrical
time-varying signals

WT-based

ST-based

The operating principle of most active and passive methods is based on PLLs or EPLLs. Among the
passive methods, the OUV, OUF and ROCOF methods are based on PVS voltage amplitude and
frequency information. The PVS PLL or EPLL, used to monitor the PVS operation, can be employed
to detect the islanding occurrence operating in coordination with the OUV, OUF and ROCOF relays.
Some OUV, OUF and ROCOF protections avoid the PLL and are just based on solid-state relays.
The choice depends on the PVS power size, the cost, the desired level of performance. Similarly,
many active methods act in order to determine an OUV or OUF in the PVS. When the voltage or the
frequency exceeds the threshold value, islanding is detected. It occurs for the active and reactive power
injections methods, the AFD, the SFS and the SVS methods. Furthermore, for these methods the main
devices are solid-state relays or PLLs/EPLLs coordinated with relays.

Among the passive methods the PJ method requires an additional PLL/EPLL to monitor the PVS
current phase which has to be compared to the PVS voltage phase. The VHM requires more PLLS/EPLLs
to track the selected harmonics variations and to detect the islanding condition. Among the active
methods the SMS method is based on an additional PLL or on a modification of the PVS PLL to create
the perturbation in the PVS and to detect the islanding occurrence. In the field of the active methods,
just the grid impedance variation method does not require information provided by the PLL/EPLL
since it is based on the impedance measurement.

5.2. Reconnection of a PVS to the Grid after an Islanding Event

Independently of the adopted islanding detection technique, the reconnection of a PVS after an
islanding event needs to be managed by two PLLS or EPLLs circuits. Indeed, an improper reconnection
event is not improbable if the PVS breaker S1 connects the system to the grid when the PVS voltage is
out of phase compared to the grid voltage. In this occasion overcurrents can be verified or, in the worst
case, a second disconnection can occur determined by the PVS protections intervention. Hence the
reclosing procedure has to be managed in strict coordination with the PVS synchronization system.

Assuming, for example, to detect the islanding condition using the active and reactive power
injections method and to employ SOGI PLLs as synchronization systems, in Figure 12 there are shown
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the PVS voltage ePVS and the grid voltage e in case islanding occurs at t = 10 s. At this time, the grid
utility breaker Sg is opened and during the islanding operation the amplitude and the frequency of the
PVS voltage drift from the rated values.
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Figure 12. Grid and PVS voltages in case of islanding occurrence. (a) e and ePVS waveforms; (b) ePVS

amplitude; (c) ePVS frequency.

The information about the amplitude and the frequency of the PVS voltage, provided by the SOGI
PLL, is employed to assess the islanding phenomenon within 2 s on the basis of the active and reactive
power injections method. The grid and the PVS voltage waveforms are not more synchronized and,
when the ePVS amplitude and frequency deviations exceed the thresholds values, islanding is detected
and also the PVS breaker S1 is opened.

Denoting as ID the control signal providing information about the islanding condition, it is possible
to define ID = 1 when islanding is not detected and ID = 0 when islanding is detected. Similarly, it is
possible to use a control signal to assess synchronization of the PVS with the grid. In this analysis it is
indicated with synchronization = 1 the condition when ePVS and e are in-phase, synchronization = 0
the condition when the two systems are not synchronized.

Assuming that the grid is recovered in few seconds, at t1 = 15 s the grid breaker Sg is closed again
(Figure 13). Nevertheless, the reconnection of the PVS cannot be immediate. Since the grid and the
PVS are not more synchronized after the islanding occurrence, some reconnection time is required.
When the breaker Sg is reclosed, the control signal moves from ID = 0 to ID = 1. In the considered case
study, the grid recovery is detected in less than 0.03 s, but the PVS is reconnected just at t2 = 15.25.

The PVS reconnection is possible only when ePVS and e are assessed again in-phase. In particular,
the synchronization is detected when the phase and the amplitude difference between ePVS and e
is null. Only at this time the synchronization control signal moves from synchronization = 0 to
synchronization = 1.

In the described procedure two PLLs/EPLLs are required: one to monitor the PVS voltage and
one to monitor the grid voltage. This example is provided to point out the role of the synchronization
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system and to demonstrate the need of a strict coordination between the islanding detection and the
synchronization control units.

14.9 14.95 15 15.05 15.1 15.15 15.2 15.25 15.3

-400

-200

0

200

400

600

gr
id

  a
nd

 P
V

S 
vo

lta
ge

s (
V

)

time (s)

ePVS e

14.9 14.95 15 15.05 15.1 15.15 15.2 15.25 15.3
-0.5

0

0.5

1

1.5

ID
 a

nd
 sy

nc
hr

on
iz

at
io

n 
si

gn
al

s

time (s)

ID synchronization

(b)

(a)

Figure 13. Grid and PVS voltages during resynchronization process. (a) e and ePVS waveforms; (b) ID
and synchronization control signals.

6. Conclusions

An extensive analysis of synchronization and islanding detection methods for single-stage PVSs is
presented in this study. Synchronization and islanding detection represent some of the most important
control issues for PVSs in the light of the new standards requirements. Abnormal conditions can
arise on the utility grid which require a prompt response from the grid-connected PVSs, hence the
information provided by the synchronization system are fundamental for the grid voltage monitoring.

Synchronization and islanding detection techniques must operate in coordination. The islanding
detection techniques are based also on the information provided by the synchronization techniques.
Besides some islanding detection methods use additional PLLs for the harmonics monitoring. In other
cases, the normal operation of the PLL is modified in order to detect the islanding phenomenon as it
happens in case of the slip-mode frequency shift technique. Finally, it has to be considered that, after a
disconnection due to the islanding detection, an improper reconnection event is not improbable if the
PVS breaker connects the system to the grid when the PVS voltage is out of phase. In this hypothesis a
second disconnection can occur due to the PVS protections action. Hence the reclosing procedure has
to be managed with two synchronization systems.
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For all these reasons synchronization and islanding detection issues were analyzed together.
More than 120 publications were revised and discussed in order to provide a combined review.
Both the synchronization and the islanding detection techniques were categorized. The choice of the
islanding detection technique depends on numerous criteria. The EPLL and the SOGI PLL represent the
preferable synchronization systems to operate in coordination with the islanding detection techniques.
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32. Baghaee, H.R.; Mlakić, D.; Nikolovski, S.; Dragicčvić, T. Anti-Islanding Protection of PV-Based Microgrids
Consisting of PHEVs Using SVMs. IEEE Trans. Smart Grid 2020, 11, 483–500. [CrossRef]

33. Reddy, V.R.; Sreeraj, S.E. A Feedback-Based Passive Islanding Detection Technique for One-Cycle-Controlled
Single-Phase Inverter Used in Photovoltaic Systems. IEEE Trans. Ind. Electron. 2020, 67, 6541–6549. [CrossRef]

34. Hung, G.-K.; Chang, C.-C.; Chen, C.-L. Automatic phase-shift method for islanding detection of
grid-connected photovoltaic inverters. IEEE Trans. Energy Convers. 2003, 18, 169–173. [CrossRef]

35. Serban, E.; Serban, H. A Control Strategy for a Distributed Power Generation Microgrid Application
with Voltage- and Current-Controlled Source Converter. IEEE Trans. Power Electron. 2010, 25, 2981–2992.
[CrossRef]

36. IEEE Application Guide for IEEE Std 1547™, IEEE Standard for Interconnecting Distributed Resources with Electric
Power Systems; IEEE: Piscataway, NJ, USA, April 2009; pp. 1–217. [CrossRef]

37. IEEE Approved Draft Standard Conformance Test Procedures for Equipment Interconnecting Distributed Energy
Resources with Electric Power Systems and Associated Interfaces; IEEE P1547.1/D9.9; IEEE: Piscataway, NJ, USA,
January 2020; pp. 1–283.

38. IEEE Recommended Practice for Utility Interface of Photovoltaic (PV) Systems; IEEE Std 929-2000; IEEE: New York,
NY, USA, 2000. [CrossRef]

39. IEC 61727-2004. Photovoltaic (PV) Systems—Characteristics of the Utility Interface; International Electrotechnical
Commission: Geneva, Switzerland, 2004.

40. GB/T 19939-2005. Technical Requirements for Grid Connection of PV System; China National Standardization
Administration Committee: Beijing, China, 2005.

41. CIGRE Working Group B5. The Impact of Renewable Energy Sources and Distributed Generation on Substation
Protection and Automation; CIGRE: Paris, France, 2010.

180



Energies 2020, 13, 3382

42. Gardner, F.M. Phaselock Techniques, 2nd ed.; Wiley-Interscience: Hoboken, NJ, USA, 1979; p. 304. ISBN -10:
0471042943.

43. Jaalam, N.; Rahim, N.A.; Bakar, A.H.A.; Tan, C.; Haidar, A.M.A. A comprehensive review of synchronization
methods for grid-connected converters of renewable energy source. Renew. Sustain. Energy Rev. 2016, 59,
1471–1481. [CrossRef]

44. Guan-Chyun, H.; Hung, J.C. Phase-locked loop techniques. A Survey. IEEE Trans. Ind. Electron. 1996, 43,
609–615. [CrossRef]

45. Golestan, S.; Guerrero, J.M.; Vasquez, J.C. Three-Phase PLLs: A Review of Recent Advances. IEEE Trans.
Power Electron. 2017, 32, 1894–1907. [CrossRef]

46. Golestan, S.; Monfared, M.; Freijedo, F. Design-oriented study of advanced synchronous reference frame
phase-locked loops. IEEE Trans. Power Electron. 2013, 28, 765–778. [CrossRef]

47. Paiva, S.C.; Sanca, H.S.; Costa, F.B.; Souza, B.A. Reviewing of anti-islanding protection. In Proceedings
of the 11th IEEE/IAS International Conference on Industry Applications, Juiz de Fora, Brazil,
7–10 December 2014; pp. 1–8. [CrossRef]

48. Li, C.; Cao, C.; Cao, Y.; Kuang, Y.; Zeng, L.; Fang, B. A review of islanding detection methods for microgrid.
Renew. Sustain. Energy Rev. 2014, 35, 211–220. [CrossRef]

49. de Mango, F.; Liserre, M.; Dell’Aquila, A.; Pigazo, A. Overview of anti-islanding algorithms for PV systems.
Part I: Passive methods. In Proceedings of the 12th International Power Electronics and Motion Conference,
Portoroz, Slovenia, 30 August–1 September 2006; pp. 1878–1883. [CrossRef]

50. de Mango, F.; Liserre, M.; Dell’Aquila, A. Overview of anti-islanding algorithms for PV systems. Part II:
Active methods. In Proceedings of the 12th International Power Electronics and Motion Conference, Portoroz,
Slovenia, 30 August 30–1 September 2006; pp. 1884–1889. [CrossRef]

51. Abokhalil, A.G.; Awan, A.B.; Al-Qawasmi, A.R. Comparative Study of Passive and Active Islanding Detection
Methods for PV Grid-Connected Systems. Sustainability 2018, 10, 1798. [CrossRef]

52. Mahat, P.; Chen, Z.; Bak-Jensen, B. Review of islanding detection methods for distributed generation.
In Proceedings of the Third International Conference on Electric Utility Deregulation and Restructuring and
Power Technologies, Nanjing, China, 6–8 April 2008; pp. 2743–2748. [CrossRef]

53. Estébanez, E.J.; Moreno, V.M.; Pigazo, A.; Liserre, M.; Dell’Aquila, A. Performance Evaluation of Active
Islanding-Detection Algorithms in Distributed-Generation Photovoltaic Systems: Two Inverters Case.
IEEE Trans. Ind. Electron. 2011, 58, 1185–1193. [CrossRef]

54. Trujillo, C.L.; Velasco, D.; Figueres, E.; Garcerá, G. Analysis of active islanding detection methods for
grid-connected microinverters for renewable energy processing. Appl. Energy 2010, 87, 3591–3605. [CrossRef]

55. Raza, S.; Mokhlis, H.; Arof, H.; Laghari, J.A.; Wang, L. Application of signal processing techniques for
islanding detection of distributed generation in distribution network: A review. Energy Convers. Manag.
2015, 96, 613–624. [CrossRef]

56. Manikonda, S.K.G.; Gaonkar, D.N. Comprehensive review of IDMs in DG systems. IET Smart Grid 2019, 2,
11–24. [CrossRef]

57. Khamis, A.; Shareef, H.; Bizkevelci, E.; Khatib, T. A review of islanding detection techniques for renewable
distributed generation systems. Renew. Sustain. Energy Rev. 2013, 28, 483–493. [CrossRef]

58. Singh, S.; Kewat, S.; Singh, B.; Panigrahi, B.K.; Kushwaha, M.K. Seamless Control of Solar PV Grid Interfaced
System with Islanding Operation. IEEE Power Energy Technol. Syst. J. 2019, 6, 162–171. [CrossRef]

59. Lee, K.J.; Lee, J.P.; Shin, D.; Yoo, D.W.; Kim, H.J. A novel grid synchronization pll method based on adaptive
low-pass notch filter for grid-connected pcs. IEEE Trans. Ind. Electron. 2014, 61, 292–301. [CrossRef]

60. Wang, Y.F.; Li, Y.W. A Grid Fundamental and Harmonic Component Detection Method for Single-Phase
Systems. IEEE Trans. Power Electron. 2013, 28, 2204–2213. [CrossRef]

61. Karimi-Ghartemani, M. A Unifying Approach to Single-Phase Synchronous Reference Frame PLLs. IEEE Trans.
Power Electron. 2013, 28, 4550–4556. [CrossRef]

62. Wall, R.W. Simple methods for detecting zero crossing. In Proceedings of the 29th Annual Conference
of the IEEE Industrial Electronics Society IECON’03, Roanoke, VA, USA, 2–6 November 2003; Volume 3,
pp. 2477–2481. [CrossRef]

63. Golestan, S.; Monfared, M.; Freijedo, F.D.; Guerrero, J.M. Dynamics Assessment of Advanced Single-Phase
PLL Structures. IEEE Trans. Ind. Electron. 2013, 60, 2167–2177. [CrossRef]

181



Energies 2020, 13, 3382

64. Kandeepan, S.; Reisenfeld, S. Frequency tracking and acquisition with a four-quadrant arctan phase detector
based digital phase locked loop. In Proceedings of the 2003 Joint Fourth International Conference on
Information, Communications and Signal Processing and the Fourth Pacific Rim Conference on Multimedia,
Singapore, 15–18 December 2003; Volume 1, pp. 401–405. [CrossRef]

65. Konara, K.M.S.Y.; Kolhe, M.L.; Sankalpa, W.G.C.A. Grid synchronization of DC energy storage using Voltage
Source Inverter with ZCD and PLL techniques. In Proceedings of the 2015 IEEE 10th International Conference
on Industrial and Information Systems (ICIIS), Peradeniya, Sri Lanka, 18–20 December 2015; pp. 458–462.
[CrossRef]

66. Weidenbrug, R.; Dawson, F.P.; Bonert, R. New synchronization method for thyristor power converters to
weak AC-systems. IEEE Trans. Ind. Electron. 1993, 40, 505–511. [CrossRef]

67. Mur, F.; Cardenas, V.; Vaquero, J.; Martinez, S. Phase synchronization and measurement digital systems
of AC mains for power converters. In Proceedings of the 6th IEEE Power Electronics Congress CIEP 98,
Morelia, Mexico, 12–15 October 1998; pp. 188–194. [CrossRef]

68. Choi, J.-W.; Kim, Y.-K.; Kim, H.-G. Digital PLL control for single-phase photovoltaic system. IEE Proc. EE
Electr. Power Appl. 2006, 153, 40–46. [CrossRef]

69. Gonzalez-Espin, F.; Figueres, E.; Garcera, G. An Adaptive Synchronous-Reference-Frame Phase-Locked Loop
for Power Quality Improvement in a Polluted Utility Grid. IEEE Trans. Ind. Electron 2012, 59, 2718–2731.
[CrossRef]

70. Yazdani, D.; Bakhshai, A.; Jain, P. Grid synchronization techniques for converter interfaced distributed
generation systems. In Proceedings of the 2009 Energy Conversion Congress and Exposition, ECCE 2009,
San Jose, CA, USA, 20–24 September 2009; pp. 2007–2014. [CrossRef]

71. Han, Y.; Luo, M.; Zhao, X.; Guerrero, J.M.; Xu, L. Comparative Performance Evaluation of
Orthogonal-Signal-Generators-Based Single-Phase PLL Algorithms—A Survey. IEEE Trans. Power Electron.
2016, 31, 3932–3944. [CrossRef]

72. Yang, Y.; Blaabjerg, F.; Zou, Z. Benchmarking of Grid Fault Modes in Single-Phase Grid-Connected
Photovoltaic Systems. IEEE Trans. Ind. Appl. 2013, 49, 2167–2176. [CrossRef]

73. Rodriguez, P.; Teodorescu, R.; Candela, I.; Timbus, A.V.; Laabjerg, F.B. New positive-sequence voltage
detector for grid synchronization of power converters under faulty grid conditions. In Proceedings of the
2006 37th IEEE Power Electronics Specialists Conference PESC’06, Jeju, Korea, 18–22 June 2006; pp. 1–7.
[CrossRef]

74. Chittora, P.; Singh, A.; Singh, M. Adaptive EPLL for improving power quality in three-phase three-wire
grid-connected photovoltaic system. IET Renew. Power Gener. 2019, 13, 1595–1602. [CrossRef]

75. Karimi-Ghartemani, M. Enhanced Phase-Locked Loop Structures for Power and Energy Applications; Wiley-IEEE
Press: Piscataway, NJ, USA, 21 March 2014. [CrossRef]

76. Karimi-Ghartemani, M. Linear and Pseudolinear Enhanced Phased-Locked Loop (EPLL) Structures.
IEEE Trans. Ind. Electron. 2014, 61, 1464–1474. [CrossRef]

77. Sahoo, A.; Mahmud, K.; Ciobotaru, M.; Ravishankar, J. Adaptive Grid Synchronization Technique for
Single-phase Inverters in AC Microgrid. In Proceedings of the 2019 IEEE Energy Conversion Congress and
Exposition (ECCE), Baltimore, MD, USA, 29 September–3 October 2019; pp. 4441–4446. [CrossRef]

78. Task V Report IEA-PVPS T5-09:2002, Evaluation of Islanding Detection Methods for Photovoltaic
Utility-Interactive Power Systems. Available online: https://iea-pvps.org/wp-content/uploads/2020/01/
rep5_09.pdf (accessed on 15 December 2002).

79. Ye, Z.; Kolwalkar, A.; Zhang, Y.; Du, P.; Walling, R. Evaluation of anti-islanding schemes based on nondetection
zone concept. IEEE Trans. Power Electron. 2004, 19, 1171–1176. [CrossRef]

80. Ropp, M.E.; Begovic, M.; Rohatgi, A.; Kern, G.A.; Bonn, R.H.; Gonzalez, S. Determining the relative
effectiveness of islanding detection methods using phase criteria and nondetection zones. IEEE Trans.
Energy Convers. 2000, 15, 290–296. [CrossRef]

81. IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems; IEEE Std 1547-2003; IEEE:
Piscataway, NJ, USA, 1–28 July 2003. [CrossRef]

82. Shrestha, A.; Kattel, R.; Dachhepatic, M.; Mali, B.; Thapa, R.; Singh, A.; Bista, D.; Adhikary, B.; Papadakis, A.;
Maskey, R.K. Comparative Study of Different Approaches for Islanding Detection of Distributed Generation
Systems. Appl. Syst. Innov. 2019, 2. [CrossRef]

182



Energies 2020, 13, 3382

83. Samuelsson, O.; Strath, N. Islanding detection and connection requirements. In Proceedings of the 2007 IEEE
Power Engineering Society General Meeting, Tampa, FL, USA, 24–28 June 2007; pp. 1–6. [CrossRef]

84. Ropp, M.; Larson, D.; Meendering, S.; MacMahon, D.; Ginn, J.; Stevens, J.; Bower, W.; Gonzalez, S.;
Fennell, K.; Brusseau, L. Discussion of power line carrier communications-based anti-islanding scheme
using a commercial automatic meter reading system. In Proceedings of the 4th IEEE World Conference on
Photovoltaic Energy Conversion, Waikoloa, HI, USA, 7–12 May 2006; pp. 2351–2354. [CrossRef]

85. Benato, R.; Caldon, R. Distribution line carrier: Analysis procedure and applications to DG. IEEE Trans.
Power Deliv. 2007, 22, 575–583. [CrossRef]

86. Xu, W.; Zhang, G.; Li, C.; Wang, W.; Wang, G.; Kliber, J. A power line signaling based technique for
anti-islanding protection of distributed generators—Part i: Scheme and analysis. IEEE Trans. Power Deliv.
2007, 22, 1758–1766. [CrossRef]

87. Wang, G.; Kliber, J.; Zhang, G.; Xu, W.; Howell, B.; Palladino, T. A power line signaling based technique for
anti-islanding protection of distributed generators—Part ii: Field test results. IEEE Trans. Power Deliv. 2007,
22, 1767–1772. [CrossRef]

88. Aphrodis, N.; Ntagwirumugara, E.; Vianney, B.J.M.; Mulolani, F. Design, Control and Validation of a PV
System Based on Supervisory Control and Data Acquisition (SCADA) Viewer in Smartgrids. In Proceedings
of the 5th International Conference on Control, Automation and Robotics (ICCAR), Beijing, China,
19–22 April 2019; pp. 23–28. [CrossRef]

89. Etxegarai, A.; Egua, P.; Zamora, I. Analysis of remote islanding detection methods for distributed resources.
In Proceedings of the International Conference on Renewable Energies and Power Quality (ICREPQ’11),
Las Palmas, Spain, 13–15 April 2011; pp. 1142–1147. Available online: http://www.icrepq.com/icrepq\T1\
textquoteright11/580-etxegarai.pdf (accessed on 29 March 2020).

90. Vieira, W.X.J.C.; Freitas, W.; Morelato, A. Performance of frequency relays for distributed generation
protection. IEEE Trans. Power Deliv. 2006, 21, 1120–1127. [CrossRef]

91. Freitas, W.; Xu, W.; Affonso, C.M.; Huang, Z. Comparative analysis between ROCOF and vector surge relays
for distributed generation applications. IEEE Trans. Power Deliv. 2005, 20, 1315–1324. [CrossRef]

92. Ten, C.F.; Crossley, P.A. Evaluation of Rocof Relay Performances on Networks with Distributed Generation.
In Proceedings of the 2008 IET 9th International Conference on Developments in Power System Protection
(DPSP 2008), Glasgow, Scotland, 17–20 March 2008; pp. 523–528. [CrossRef]

93. de la Fuente, D.V.; Rodriguez, C.L.T.; Narvaez, E.A. Review of Anti-Islanding Methods: Analysis by Figures
of Merit Tools for Controllers Reconfiguration in Microgrids. IEEE Lat. Am. Trans. 2015, 13, 679–686.
[CrossRef]

94. Timbus, A.V.; Teodorescu, R.; Blaabjerg, F.; Borup, U. Online grid measurement and ENS detection for PV
inverter running on highly inductive grid. IEEE Power Electron. Lett. 2004, 2, 77–82. [CrossRef]

95. Asiminoaei, L.; Teodorescu, R.; Blaabjerg, F.; Borup, U. A digital controlled PV-inverter with grid impedance
estimation for ENS detection. IEEE Trans. Power Electron. 2005, 20, 1480–1490. [CrossRef]

96. Jeraputra, P.N. Enjeti, Development of a robust anti-islanding algorithm for utility interconnection of
distributed fuel cell powered generation. IEEE Trans. Power Electron. 2004, 19, 1163–1170. [CrossRef]

97. Du, P.; Ye, Z.; Aponte, E.E.; Nelson, J.K.; Fan, L. Positive-Feedback-Based Active Anti-Islanding Schemes
for Inverter-Based Distributed Generators: Basic Principle, Design Guideline and Performance Analysis.
IEEE Trans. Power Electron. 2010, 25, 2941–2948. [CrossRef]

98. Zeineldin, H.H.; Conti, S. Sandia frequency shift parameter selection for multi-inverter systems to eliminate
non-detection zone. IET Renew. Power Gener. 2011, 5, 175–183. [CrossRef]

99. Reis, M.V.G.; Barros, T.A.S.; Moreira, A.B.; Nascimento, S.F.P.; Ruppert, F.E.; Villalva, M.G. Analysis of
the Sandia Frequency Shift (SFS) islanding detection method with a single-phase photovoltaic distributed
generation system. In Proceedings of the 2015 IEEE PES Innovative Smart Grid Technologies Latin America
ISGT LATAM 2015, Montevideo, Uruguay, 5–7 October 2015; pp. 125–129. [CrossRef]

100. El-Moubarak, M.; Hassan, M.; Faza, A. Performance of three islanding detection methods for grid-tied
multi-inverters. In Proceedings of the 2015 IEEE 15th International Conference on Environment and Electrical
Engineering (EEEIC), Rome, Italy, 10–13 June 2015; pp. 1999–2004. [CrossRef]

101. Mohammadpour, B.; Zareie, M.; Eren, S.; Pahlevani, M. Stability analysis of the slip mode frequency
shift islanding detection in single phase PV inverters. In Proceedings of the 2017 IEEE 26th International
Symposium on Industrial Electronics (ISIE), Edinburgh, UK, 19–21 June 2017; pp. 873–878. [CrossRef]

183



Energies 2020, 13, 3382

102. Mohammadpour, B.; Pahlevani, M.; Kaviri, S.M.; Jain, P. Advanced slip mode frequency shift islanding
detection method for single phase grid connected PV inverters. In Proceedings of the 2016 IEEE Applied
Power Electronics Conference and Exposition (APEC), Long Beach, CA, USA, 20–24 March 2016; pp. 378–385.
[CrossRef]

103. Gu, Y.H.; Bollen, M.H.J. Time-Frequency and Time-Scale Domain Analysis of Voltage Disturbances. IEEE Trans.
Power Deliv. 2000, 15, 1279–1284. [CrossRef]

104. Kim, I.-S. Islanding Detection Technique using Grid-Harmonic Parameters in the Photovoltaic System.
Energy Procedia 2012, 14, 137–141. [CrossRef]

105. Kim, J.; Kim, J.; Ji, Y.; Jung, Y.; Won, C. An Islanding Detection Method for a Grid-Connected System Based
on the Goertzel Algorithm. IEEE Trans. Power Electron. 2011, 26, 1049–1055. [CrossRef]

106. Hanif, M.; Basu, M.; Gaughan, K. Development of EN50438 compliant wavelet-based islanding detection
technique for three-phase static distributed generation systems. IET Renew. Power Gener. 2012, 6, 289–301.
[CrossRef]

107. Zhu, Y.; Yang, Q.; Wu, J.; Zheng, D.; Tian, Y. A novel islanding detection method of distributed generator
based on wavelet transform. In Proceedings of the 2008 International Conference on Electrical Machines and
Systems, Wuhan, China, 17–20 October 2008; pp. 2686–2688.

108. Ning, J.; Wang, C. Feature extraction for islanding detection using Wavelet Transform-based Multi-Resolution
Analysis. In Proceedings of the 2012 IEEE Power and Energy Society General Meeting, San Diego, CA, USA,
22–26 July 2012; pp. 1–6. [CrossRef]

109. Hsieh, C.-T.; Lin, J.-M.; Huang, S.-J. Enhancement of islanding-detection of distributed generation systems
via wavelet transform-based approaches. Int. J. Electr. Power Energy Syst. 2008, 30, 575–580. [CrossRef]

110. Do, H.T.; Zhang, X.; Nguyen, N.V.; Li, S.S.; Chu, T.T. Passive-Islanding Detection Method Using the Wavelet
Packet Transform in Grid-Connected Photovoltaic Systems. IEEE Trans. Power Electron. 2016, 31, 6955–6967.
[CrossRef]

111. Pigazo, A.; Liserre, M.; Mastromauro, R.A.; Moreno, V.M.; Dell’Aquila, A. Wavelet-Based Islanding Detection
in Grid-Connected PV Systems. IEEE Trans. Ind. Electron. 2009, 56, 4445–4455. [CrossRef]

112. Ray, P.; Mohanty, S.; Kishor, S.; Dubey, H. Coherency determination in grid connected distributed generation
based hybrid system under islanding scenarios. In Proceedings of the IEEE International Conference on
Power and Energy (PECon2010), Kuala Lumpur, Malaysia, 29 November–1 December 2010; pp. 85–88.
[CrossRef]

113. Ray, P.; Kishor, N.; Mohanty, S. S-Transform based islanding detection in grid connected distributed generation
based power system. In Proceedings of the 2010 IEEE International Energy Conference (ENERGYCON2010),
Manama, Bahrain, 18–22 December 2010; pp. 612–617. [CrossRef]

114. Ray, P.; Mohanty, S.; Kishor, N. Disturbance detection in grid-connected distributed generation system using
wavelet and S-Transform. Electr. Power Syst. Res. 2011, 81, 805–819. [CrossRef]

115. Quoc-Tuan, T. New methods of islanding detection for photovoltaic inverters. In Proceedings of the 2016
IEEE PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), Ljubljana, Slovenia,
9–12 October 2016; pp. 1–5. [CrossRef]

116. Liu, S.; Zhuang, S.; Xu, Q.; Xiao, J. Improved voltage shift islanding detection method for multi-inverter
grid-connected photovoltaic systems. IET Gener. Transm. Distrib. 2016, 10, 3163–3169. [CrossRef]

117. Dhar, S.; Dash, P.K. Harmonic Profile Injection-Based Hybrid Active Islanding Detection Technique for
PV-VSC-Based Microgrid System. IEEE Trans. Sustain. Energy 2016, 7, 1473–1481. [CrossRef]

118. Yu, B.; Matsui, M.; So, J.; Yu, G. A high power quality anti-islanding method using effective power variation.
Sol. Energy 2008, 82, 368–378. [CrossRef]

119. Yu, B.; Matsui, M.; Jung, Y.; Yu, G. A combined active anti-islanding method for photovoltaic systems.
Renew. Energy 2008, 33, 979–985. [CrossRef]

120. Muñoz-Cruzado-Alba, J.; Villegas-Núñez, J.; Vite-Frías, J.A.; Carrasco-Solís, J.M.; Galván-Díez, E.
New Low-Distortion Q–f Droop Plus Correlation Anti-Islanding Detection Method for Power Converters in
Distributed Generation Systems. IEEE Trans. Ind. Electron. 2015, 62, 5072–5081. [CrossRef]

121. Papadimitriou, C.N.; Kleftakis, V.A.; Hatziargyriou, N.D. A novel islanding detection method for microgrids
based on variable impedance insertion. Electr. Power Syst. Res. 2015, 121, 58–66. [CrossRef]

184



Energies 2020, 13, 3382

122. Vyas, S.; Kumar, R. Computational geometry-based methodology for identification of potential islanding
initiators in high solar PV penetration distribution feeders. IET Renew. Power Gener. 2018, 12, 456–462.
[CrossRef]

123. Voglitsis, D.; Papanikolaou, N.P.; Kyritsis, A.C. Active Cross-Correlation Anti-Islanding Scheme for PV
Module-Integrated Converters in the Prospect of High Penetration Levels and Weak Grid Conditions.
IEEE Trans. Power Electron. 2019, 34, 2258–2274. [CrossRef]
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