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Protection of grid connected photovoltaic system during voltage sag
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Abstract: The grid-connected power electronic inverters are highly sensitive to grid disturbances and it is important to em-
phasize the necessity to reduce the effects of voltage disturbances on their operation. Among the wide range of power quality
disturbances, voltage sags severely affect the performance of voltage source converters (VSC) operation of distributed gener-
ation (DG) units. In this paper, small signal model of photovoltaic, DC-DC boost converter and inverter are simulated in
Matlab simulink software. The photovoltaic system is connected to a 20kV distribution feeder via a transformer. It can be
seen if the voltage sag is happened in the system, the inverter switch current will be increased significantly. In order to protect
the power electronic converters’ switches during a voltage sag and increase the voltage sag ride through capability, use of
fault current limiter (FCL), is proposed. It is shown that if the voltage sag happened with duration of half to thirty cycles, FCL
limits the current of power electronic switches. So, the photovoltaic system although is kept connecting with grid during the
voltage sag condition, the power elec-tronic switches aren’t harmed and have normal current during voltage sag duration.
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1 Introduction

Renewable energy sources are gaining more and more interest
in recent years due to the exploitation of oilfields and to political
crises in some strategic areas of the world. photovoltaic distri-
buted generations have dc output voltage, so they should connect
to grid via power electronic converters.

The operation of power electronic interfaces during extreme
voltage disturbance is harmful and can damage power electronic
converters. One of the most common power frequency distur-
bances is voltage sag. Voltage sag is defined as a momentary
decrease in the rms voltage, with a duration ranging from half a
cycle up to one minute [1]. It is caused by fault conditions within
the plant or power system and lasts until the fault is cleared by a
fuse or breaker. On the utility side, the fault condition may be a
result of lightning, storm, contamination of insulators, animals or
accidents [2]. The problem of voltage sags is important because it
can cause loss of production and revenue due to the tripping of
equipment sensitive to voltage variations [3]. Operation of DG
units under voltage sags has not received much attention in the
past. The main reason is that many grid operators demand the
immediate disconnection of DG in case of grid disturbances as
prerequisite for service continuing. However, as the power
generated by DG units increases, this behavior stresses the utility
grid and could cause power unbalance, which may turn into in-
stability. So, the interaction between DG units and the grid during
voltage sag is very important and it must be considered. Base on
DG technologies, voltage sag ride through capabili-ties control
strategy is presented. For example in [4-6] analysis and control of
wind turbine during voltage sag are analysis. In [7], a fuel cell
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(FC), is connected to grid and propose a control strategy with
super capacitor technology to make FC connect to grid during
voltage sag.

In this paper small signal model of photovoltaic, DC-DC boost
converter and inverter is simulated in Matlab/Simulink software.
In order to take maximum power from photovoltaic system a
perturbation and observation (P&OQ) algorithm is use and the DC
voltage link is control with this strategy that, if inverter can deliv-
er all power from photovoltaic system to grid, the DC voltage
link can fixed in a desire level with a PI controller.

The DC voltage level in this paper is 1000V and the grid vol-
tage level is 380V phase to ground. The photovoltaic system is
connected to a 20kV distribution feeder via a transformer. In this
situation, voltage sag with different amplitude is happened in
the system and as it is anticipated, the inverter current switches
are increased significantly. In this paper in order to protect the
power electronic switches during voltage sag and increase the
voltage sag ride through capability, a fault current limiter (FCL)
is used.

This paper has been organized as follows. In section II, a pho-
tovoltaic grid connected system is design. In section III, voltage
sag types introduce and in section IV dynamic  model of a super
conductive fault current limiter (SFCL) is presented. The pro-
posed technique is validated by simulations and the obtained
results are discussed in section V, and finally, the conclusions are
summarized in section VL.

2 Grid connected photovoltaic system

Design and small signal modeling of a
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grid-connected photovoltaic (PV) system is a main part of vol-
tage sag analysis, because the voltage sag duration is ranging
from half a cycle up to one minute, so each part of the system
should have a precise and accurate model to have a good judg-
ment. In Figure 1 schematic diagram of a grid connected photo-
voltaic system is shown.
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Figure 1  Grid connected photovoltaic system

In the first stage photovoltaic system is connected to a boost
DC-DC converter. DC-DC converter rises the low solar voltage
to a suitable level correspond to the optimal PV power. At the
next stage a DC to AC inverter that operates in a current control
mode supplies continuous power from dc link bus to three phase
grid system. An output RLC filter is used to reduce the ripple due
to PWM operation.

Modeling and control of each part of the system is presented
as fallows.

2.1 PV model

Through the years, different circuit models have been used to
study and simulate the behavior of a photovoltaic cell. A DC
voltage source is the simplest method used for simulating the
photovoltaic cells [8]. The problem with this method is that a
photovoltaic cell does not behave completely as a dc voltage
source. Another approach to simulate a photovoltaic cell, with an
acceptable precision, is using the one diode model [9]. The prob-
lem with this model is that it requires information that is not easi-
ly found in a data sheet. In this paper, the model presented in [10]
will be used which is a more practical PV cell model. The
advantage of this model over the others relies in that all the para-
meters can be simply obtained in the manufacturer data sheet.
Figure 2 shows the schematic diagram of a PV model. Details of
this model is presented in [10] to calculate Ipy.
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Figure2 Photovoltaic model

2.2 DC-DC Boost Converter

As the PV output voltage changes during a day, because of dif-
ferent temperature and radiation, in order to meet a constant
voltage at DC link, a DC-DC boost converter is used. The
structure of DC-DC converter is shown in Figure 1. The maxi-
mum power point tracker (MPPT) is used to control the boost
converter as shown in Figure 3. The P&O algorithm [11] is used
to find the maximum power point of the PV system.
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Figure3 Control structure of boost converter and MPPT algorithm

2.3 Inverter

As shown in Figure 1 three phase voltage source inverter has six
IGBTSs and it is used to deliver dc power from dc link to ac grid
side. In order to do this it should design a controller to establish
gate signal for IGBTs. Schematic diagram of the inverter con-
troller in current mode control is shown in Figure 4.

To establish gate signals, it is needed to transfer voltage and
current of grid to rotating axis with equation 1.
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frequency. Network reference current expressed in d-q frame, are
given by (2) [12]. P and QO are reference active and reactive
powers. v, and v, are grid voltage at d-q refrence.
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Figure4 Current mode control of three phase inverter

With equation (2) the inverter always delivers a fixed power to ac
grid system, but in grid connected PV system power is not fixed
and it changes during day. In order to takes this into account, in
Figure 4, diagram of controller is modified and shown in the
dashed part of Figure 4. This control strategy makes inverter to
deliver all power generated from PV to grid and control the dc
link voltage at desire level.

3 Voltage sag characteristic

Voltage sag is defined as a immediate decrease in the rms voltage,
with a duration ranging from half a cycle up to one minute. It has
a negative impact in voltage source converters used in adjusta-
ble-speed drives, grid connected photovoltaic system, industrial
processes control and full-scale wind turbines, leading undesira-
ble tripping on their protection devices. Voltage sags creation are
generally caused by over loading, induction motors starting pro-
cedures and grid faults. Regarding the operation of grid con-
nected VSI, the voltage sag characteristics of interest are the
magnitude, the duration and the phase-angle jump. The voltage
sags due to grid faults can be classified in seven different types
[13].

The type A is the results from balanced three-phase
short-circuits. The other six types are the results from unbalanced
faults. For example, phase-to-ground (type B), phase-to-phase
(type E) and the two-phase-to-ground (type C). The remaining
types result from the propagation of these unbalanced faults
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through A—Y connected transformers.

4 Dynamic model of a super-conductive fault
current limiter (SFCL)

Basically FCL is a variable impedance that is installed in se-
ries with a circuit breaker. In the fault situations, the impedance
rises to a value at which the fault current is  reduced to a lower
level that the circuit breaker can with-stand it. Many kinds of
fault current limiting devices have been moved forward in ac-
cordance with the development of power electronics, magnet
technologies and super conducting materials [14]-{17]. In this
paper, high temperature resistive superconducting fault current
limiters is used [18]. The most important physical property for
the current limiting behaviors of the SFCL is the E~J characteris-
tic of the High Temperature Superconductors (HTS) and its de-
pendence on temperature T.

E~J characteristic can be divided into three sub-regions: su-
perconducting state, flux flow state and normal conducting state.
Each region is approximated by an exponential power law. This
parameterization holds generally for all high temperature super-
conducting materials. Together with the thermal-diffusion equa-
tion, it forms the basis for the simulation of the high temperature
SFCL[19].

Relation between E~J is correspond to the supercon-ducting
state. In superconducting state E is zero and in flux flow state and
normal conducting state, can be evaluated by (3) and (4):
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E=E, (Ji)"m J>J, , T<T, ®)
E= p(Tc)(Tl).J J>J, , T>T. @

c

In these equations E. is critical field, J, is critical cur-
rent density, 7, is critical temperature, E is electrical filed, J is

current density, 7 is temperature and p is  specific resistivity

in normal state.
So with being £ by (3) and (4) and knowing current density,
temperature of the superconducting is computed using (5).
C%zE(J,T).J(t) ©)
where C is the heat capacity per volume. So, the specific resis-

tivity of the superconducting in each temperature is calculated
using (6) and (7) [16].
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n is a value around 10. So, resistivity of a superconducting
material with length L and cross section A is shown in (8).
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5 Simulation and results

In order to protect a grid connected photovoltaic system during
voltage sag, a 20kV distribution feeder as shown in Figure 5 with
a 315kW PV system connected to grid via power electronic
switch is simulated in Matlab software. In Figure 6, detailed
structure of photovoltaic system that is simulated in Matlab soft-
ware is shown.
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Figure 5 System under study

System and PV distributed generation parameters are listed in
Table 1.

Table 1 Parameters of the system

PV Rated
315kW Frequency 50 Hz
Power
PV Rated Phase to phase grid
619V 20kV
Voltage voltage (HV)
DC voltage Phase to phase grid
. 1000 V 380V
Link voltage (LV)
DC Capacitor 6000 pF Feeder length 21 km
Temperature 259 C Sample Time Se-6
Radiation 1000 W/m? | Inverter frequency Pulse 3850 Hz
R Filter 0.01 Q Boost frequency pulse 10kHz
. DG transformer con-
L Filter 0.0001 H ) Y Y,
nection
C Filter le(-10) F Load (3+0.2i)) MVA
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Figure 6 Photovoltaic grid connected system in details
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At first, the system is in normal state and photovoltaic system
is delivered its maximum power to the grid. In Figure 7 PV pow-
er, PV voltage and PV current are shown. Voltage and current of
inverter are shown in Figure 8 and the active and reactive power
of inverter are depicted in Figure 9.
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Figure7 Voltage, current and power of photovoltaic sytem

Active and reactive power of Inverter
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As mentioned previously, inverter has 6 power electronic
switches and the full capacity of inverter switches are used. The
current of one of inverter switches is shown in Figure 10 when
the system is in normal condition.

SW1 Current

Figure 10 Phase A inverter switch Current

Now let assume a single phase to ground fault occur at the
grid. So a voltage sag which decreases the phase A voltage is
happened and it remains for ten cycles. As shown in Fig-ure 11,
in this situation, the PV power feed to grid is approximately con-
stant. Because the voltage in DC link is not drop, so the current of
inverter switches are increased significantly as shown in Figure
12. In this situation, the distributed PV generation system is dis-
connected, in order to protect the inverter switches from over
load and harms.
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Figure 11 DC voltage link, active and reactive power during voltage sag
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Figure 12

However, as the power generated by DG units increases, this
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behavior stresses the utility grid and could cause power unbal-
ance, which may turn into instability. In order to protect the dis-
tributed PV generation during voltage sags, in this paper SFCL is
used after DG transformer in the common coupling point. In
Figures 13 and 14, it is shown that in voltage sag condition, al-
though the system connect to grid, current of inverter switches
are in normal ranges and the injected power to grid is nominal
value. Figure 15 shows the temperature and resistance of SFCL
during the voltage sag condition.
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Figure 13  Phase A inverter switch current during voltage sag with SFCL
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Figure 14 Photovoltaic injected power during voltage sag
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Figure 15 Resistance and temperature of SFCL during sag

6 Conclusion

In this paper a grid connected PV distributed generation is
simulated in normal condition and during voltage sag situation. It
is shown that if a fault occurred in the system it results in voltage
sag in the system and also at the common coupling point where
the PV system is connected. During voltage sag the output power
injected to grid from PV system is approximately constant or
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drop a little, and at the same time, the DC voltage link is also
constant and those result in the current of inverter switches in-
crease until voltage sag disappear. In order to protect PV distri-
buted generation from voltage sag in this paper using a SFCL is
proposed and it is shown that during voltage sags, PV system can
still connect to grid and deliver power to grid, without damage to
inverter switches from fault over-current.
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