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Abstract- A great deal of research is being carried out to ameliorate the performance of photovoltaic (PV) grid-connected
systems. This paper shoes the performance of a 1kW PV grid-connected system under grid failure. Among grid faults,
islanding operation mode and grid voltage sags are tested with the proposed system. Hysteresis current control combined with
active Islanding Detection Methods (IDMs) are developed to determine the effectiveness of the single phase full bridge
inverter to detect islanding. Single Phase Induction Motor (SPIM) is taken as local load to test the grid voltage sag conditions.
Theoretical, simulations, and experimental result shoes the performance of the proposed system.
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1. Introduction

The world-wide installed PV generators was rapidly
growth, due to the competitiveness of this technology. PV
electricity is an attractive solution especially for the remote
areas not served by the power grid [1].

However, a number of issues need to be resolved before
PV technology can reach its full potential; the design of
reliable power converter interfaces and the development of
suitable control laws to protect related equipment, local
loads, and utility service personnel.

Among the problems that can be encountered for PV
grid-connected systems, islanding operation mode; it occurs
when a section of the utility system is isolated from the main
utility voltage source while the PV generator continues to
feed the utility lines in the isolated section [2]. This
phenomenon can cause safety problems. Therefore, anti-
islanding protection is required for connecting to the utility
grid via an anti-islanding inverter (IEEE Std. 929-2000) and
has undergone extensive study and discussion [2].

Grid voltage sag can also perturb the PV grid-connected
system. This is defined as short duration reduction in RMS
voltage.

In this paper, a 1 kW PV power generation system
connected to the grid is proposed. Slip Mode phase Shift
(SMS) and Active Frequency Drift (AFD) islanding
detection methods are developed to detect the island
operation mode.

The effectiveness of the SMS and AFD IDMs is
analyzed using the concept of the Non Detection Zone
(ND2Z) in the quality factor Qs and resonant frequency fy (Qs
versus fy) space.

Single Phase Induction Motor (SPIM) is taken as local
load to shoes the performance of the proposed system under
grid voltage sags.

Theoretical analysis,
results are presented

simulation, and experimental

2. Proposed System

Figure 5 shows the synoptic of the PV grid-connected
system. It consist of PV generator feeding a single phase full
bridge inverter followed by a line transformer for the voltage
amplification and galvanic isolation. The PV inverter will
handle both, the DC to AC conversion and the MPPT. First



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Mouhanned Brahim et al., Vol.3, No.4, 2013

order filter (r,L) is used as output filter to decrease the Total
Harmonics Distortion (THD) of the output current and
voltage. Parallel RLC load is taken as local load.

2.1. PV panel and MPPT Algorithm

Photovoltaic arrays present a nonlinear 1-V characteristic
with several parameters that need to be adjusted from
experimental data of practical devices [3]. Figure land 2
shows the I-V and P-V characteristics of the chosen PV
generator

As the PV panel operates at its highest efficiency at the
MPP, a method should be applied on the PV panel control
system to extract the maximum power. Usually, the nature of
these methods is based on an algorithm which takes
measurement and does some actions to extract as much
power as possible from PV panel. In this paper, the Perturb
and Observe (P&0O) method was applied in order to track the
MPP.The MPPT algorithm generate the current magnitude at
the MPP. This amplitude is used as peak reference current
(lrefmax) Tor the hysteresis controller [4].
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Fig. 1. I-V characteristics of PV generator
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Fig. 2. P-V characteristics of PV generator

2.2. Normal Operation Mode

The output inverter current must be controlled to be in
phase with the voltage at the point of common coupling Vp,,

so that the system works with unity power factor. As shown
in figure 5, fo,c and RMS detection blocks gives the phase
angle of the PCC voltage (8). This angle is used to generate
the reference current for the hysteresis control

I?'ef' = IrefmaxSin(H) (1)

As mentioned above lmax Will be given by the MPPT
controller. The actual output current (1) will be compared
with the tolerance band around the reference current.

2.3. IDMs control loop

The inverter is controlled to detect islanding, when the
grid is disconnected and to stop supplying the load and the
grid. This technique is based on the detection of the Common
Coupling Voltage Vp.. Frequency fp for each zero crossing

[5].
e  Frequency and RMS detection

The islanding can be detected using the feedback from
the PCC voltage at the previous cycle. When islanding
occurs, the voltage frequency and magnitude deviate from
the rated values. Therefore, the voltage frequency fpe for
each zero crossing is detected and the RMS value is
calculated.

e UVP/OVP and UFP/OFP

An Under/Over voltage and Under/Over frequency
protection block is used to compare the RMS and the
frequency values of the voltage at the Pcc to the thresholds
values corresponding to the IEEE standards (IEEE std 929-
2000). As a result, this block will generate a fault signal
when the fp.. or the RMS values exceed the fixed limits.

e  Active Frequency Drift (AFD)

In some cases, although the variations of voltage and
frequency are within the fixed limits, the islanding can occur
and the inverter fails to detect it.

To overcome this problem, active IDMs use a variety of
methods to inject a disturbance in the PCC voltage
magnitude and frequency. Allowing the inverter to detect
islanding.

The AFD rely in the injection of frequency drift at the
output current to leads the PCC voltage by a small angle
OAFD proportional to t,/2 as shown in figure 3 [6] . The
phase angle 0,p Can be calculated as function of the
frequency drift:

1 1 Taf

Ourp = ft; = nf (f f+.5‘f) F+af

Where: &; is the amount of frequency drift.

@

The current frequency will be higher than the PCC
voltage frequency at the previous cycle by a frequency drift
(f=f.1+ 65). Therefore, the output inverter current can be
given by:

I = Lofmax Sin[2m(f + 6f)] ©)

755
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Slip Mode phase Shift (SMS)

SMS IDM rely in the injection of a phase shift in the
inverter output current to create an abnormality in the PCC
with keeping a unity power factor and a tolerable THD. The 6
reference inverter current can be given by [7]:
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. Non Detection Zone (NDZ) of IDMs
Qutput inverter current

NDZ is one of the most indexes to assess the
effectiveness of the IDMs. This is defined as a range in
which the IDMs fail to detect islanding. In the past, the NDZ
have been defined in a power mismatch space (AP versus

AQ). However, using NDZs in the power mismatch space is
not adequate for assessing the performance of the active
IDMs because for a given reactive power mismatch different
combinations of R, L and C are possible. Some of these
combinations result in islanding whereas others do not [8].
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Fig. 3. Voltage and current waveforms using AFD
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SMS and AFD IDMs employ a strategy to drift the
frequency of the islanded system and trip the UFP/OFP since
a significant active power mismatch is required to trip the
UVP/OVP devices. The frequency of an islanded system
with an unity power factor inverter is strongly affected by the
load resonant frequency fo.If no disturbances are introduced,
the frequency of the islanded system fi; will be the same as
the resonant frequency since f, is the only frequency that
satisfies Qiaa = Qp= 0 . Alternatively, the load phase angle
should be equal to the phase between the output inverter
current and the load voltage while the load phase angle is
affected by the load quality factor Q; .Therefore, Qs Vs fy
load-parameter space is a good choice for showing the
NDZs and to assess the IDMs effectiveness [8].

3.1. NDZ of AFD IDM

The inverter phase angle can be defined as function of
the quality factor Qs and resonant frequency f, by [8]:

— -1 f fo
Eim: = tan [Qf (E - ?)] (6)
The resolution of equation (6) gives
9 Binp. 2
ety =0 ©

Then the resonant frequency f, which causes islanding
can be solved as a function of the islanding frequency f;s and
the inverter equivalent angle.

c T N
fr = %(—tan 6o (fiz) + [t 610y (fi) + w;*] (®)
For the AFD IDM, it was shown that the angle between
the fundamental inverter current and the PCC voltage is
given by
__ méf

By substituting equation (10) into (9) and replacing the
islanding frequency by the threshold frequency. The
boundary of the NDZ of the AFD IDM will be obtained by:

f — 2
fﬁmﬂx :;TE: _tan'gﬂFD(mex}"' ltﬂnLeAFD(fmax}+ 4’@!’

.,\I
(10)

| . o
Jomin = 20, (—tan Barn ( fmin) + ﬂltﬂ”‘@lm(fmm:‘ + 4@{)

(11)

Therefore, the NDZs of the AFD IDM can be plotted
with different values of &; as shown in figure 6.
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Fig. 6. NDZs of AFD IDM for different values of

There one sees that the main effect of AFD (injecting) is
to shift the NDZ to lower values of as increases. From figure
6, with Qs =2.5 and &; =0.5Hz, this method will fail to detect
islanding for load with 48.98 Hz < f, < 50.2 Hz It fail to
detect islanding for load with 48.7 Hz < f, < 49.8 Hz when
& =1 Hz, if increase to 1.5 Hz, the NDZ is for 48.3 Hz <
fo< 49.6 Hz with load quality factor equal to 2.5. One can
sees also that with higher values of quality factor, the
capability of islanding detection decrease for load with
resonance frequency around line frequency (50Hz).

3.2. NDZ of SMS IDM

The NDZ of the SMS IDM can be determined with a
similar analyzes method. The phase angle of the output
inverter current is given by equation (6) mentioned above.

The resulting NDZ of SMS IDM is shown in figure 6 for
different values of 0,,;« . One can see that as 0., decreases,
the quality factor for which the islanding cannot be detected
also decreases. Where, for f.x - fg=3Hz , the SMS fail to
detect islanding with load quality Qs >2.7 if O =12° .
However, the value of the maximum phase shift 0. is
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limited by the phase angle between the output inverter

current and the voltage at the PCC (PF= 1).
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Fig. 7. NDZs of SMS IDM for different values of 0.

Table 1. Parameters of photovoltaic generator at nominal
operating conditions

Nser 6
Npar 2
ISC.n 1085A
Voen 133.2V
lmp 9.68A
Vi 104V
P max 1 kW

4, Simulations

Simulations results are presented to verify the
effectiveness of the proposed controller both for the normal
operation mode and the islanding detection. Figure 8 shows
the output inverter current and the voltage at PCC. One can
see that the inverter operate with unity power factor and
THD around 3.36 %.

e AFDIDM

The AFD is implemented for the frequency drift &
=1.5Hz. The local load parameters are R=17.7 Q, L= 22.5
mH , C= 450 uF which gives a resonant frequency f, =50Hz
and quality factor Q; =2.5. The grid breaker is opens at t =0.1
s, i.e. grid disconnected and islanding is detected at t=0.338
s.

Figure 11 shows the reference current generated by AFD
IDM, from this figure one can see the dead time tz which
cause the abnormality at the PCC. As shown in figure 12,
signal fault is generated to shut-down the inverter. The
output inverter current and the voltage at the PCC are set to
zero when the inverter stop energized the utility.

e SMSIDM

Similar tests were run for the PV grid-connected system
using SMS IDM with

Bmax =12° and fiax - f;=3Hz . The local load parameters
are R=17.7 Q, L= 22.5 mH , C= 450 uF which gives a
resonant frequency f, =50Hz and quality factor Q; =2.5. The
grid is disconnected at t=0.1 s and SMS IDM detect islanding
at t=0.472s. Figure 13 shows the time domain response of the
system
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In order to verify the NDZs for each islanding detection
method, several simulations are implemented with different
load parameters. A comparison between the theoretical and
simulation results for the NDZs of the AFD ( 6 =1.5Hz) and
SMS (Omax =12° ) IDM are shown respectively in figure 14
and 15.
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Fig. 13. Output current & signal fault

5. Performance of PV Grid-Connected System Under
Grid Voltage Sags

Among problems that can be encountered in PV grid-
connected systems, the grid voltage sags. This is defined as a
short duration reduction in RMS voltage. It can occur at any
instant of time, with amplitudes ranging from 10% to 90 %
and a duration lasting for half a cycle to one minute [9].

The same architecture of PV grid connected system is
simulated . But, Single Phase Induction Motor (SPIM) is
taken as local load instead of parallel RLC load to shows the
main effect of voltage sags. Grid voltage sags with different
depth and durations are created, these are showing in
simulation results. 50% and 80% voltage sags are simulated
with different durations. One can see that the main effects of
voltage sag are the SPIM speed losses and the peak load
current. Moreover, as the voltage sag duration increase, as
the SPIM is more affected.The significatly speed losses can
lead to a change of rotation direction as shown in figure 17,
which can be a dangerous result from some application like
water punping or compressor.
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Fig. 14. NDZs of AFD
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Fig. 17. Motor speed (80%, 3.5s)

Experiment Set

In the same context, an expeimental single phase
multilivel inverter (figure 18) is developed allowing the
connection of PV panels to the grid and to verify the
proposed control. The control algorithm is implemented in C
language and computations are performed by a dSpace
dS1104 controller board. The sampling period is fixed to
70us. For each period, an interruption starts and the proposed
control determines the switching states to apply. The numeric
outputs of the dS1104 are used to control the converter
drivers. Figure 20 shows the experimental inverter output
current compared to the generated reference current. The
output inverter voltage levels are given by figure 19. It can
be noted that four voltage levels can be obtained

Gates drive
circuit

Fig. 18. Experiment set
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Fig. 19. Experimental output inverter voltage
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Fig. 20. Experimental output inverter & reference current

7. Conclusion

In this paper, PV grid-connected system is proposed.
The performance of this system under islanding operation
mode and grid voltage sags is tested. Hysteresis current
control combined with active islanding detection methods
(AFD, SMS) is developed to meet the Grid connection
requirement (GCR) like THD, unity power factor, power
quality, in one hand. In other hand, to detect island operation
mode and to shut down the PV inverter when the grid is
disconnected.

SPIM is taken as local load to shows the effect of grid
voltage sags with different depth and durations.

An experimental multilevel inverter is also developed
for the grid connection of PV generator and to verify the
proposed controller.

Theoretical analysis, simulation, and experimental
results show the performance of the proposed system
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