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Abstract - Photovoltaic (PV) systems have gained
prominence as economically-viable, long-term alternatives to
conventional, non-renewable sources of energy. The optimum
design  characteristics that Distributed Generation
photovoltaic units incorporated in order to meet the
requirements of Low-Voltage Ride Through Capability
(LVRTC) are evaluated in this paper. Without the optimal
design of DG-PV units that are connected to low voltage
distribution networks, certain limitations regarding
performance rises in the network transient phenomenon
condition. The analysis evaluates that, with appropriate
selection of equivalent interconnecting reactance Xpg in the
oversized interfaced inverters of DG-PV in merging with high
penetration levels yields satisfaction of LVRTC demands
without violating the protection limits of the network.
Furthermore, along the distribution lines, uniform dispersion
is can be observed concerning the demand of LVRTC for
voltage selectivity. Finally, considering the derived outcomes,
optimum design of DG-PV about LVRTC within the framework
of reasonable constraints, can be applied to any low-voltage
distribution network. In order to check the performance of the
entire network system, addition of a new LV network to the
existing network is done. The results are evaluated and
compared in MATLAB simulation software.

Key Words: Disrtibuted Generation photovoltaic units, low
voltage ride through capability, Photovoltaic system.

1. INTRODUCTION

Due to limited capacity of fossil fuels, the world is
focussing on the usage of renewable power generation in
terms of electricity production and fulfilling its growing
demand. Hence, it will not be a wrong to say that renewable
power generation will be a significant source of energy in the
near future. Furthermore, among many notable green energy
sources, the world is mainly focussing on the usage of SOLAR
energy to meet their demand. Photovoltaic is the process of
converting sunlight directly into electricity using solar cells.
With increasing consumption of electric energy in the
context of limited conventional energy sources such as coal,
natural gas and crude oil it is necessary to seek and use other
energy sources. Hence the utilization of non-conventional
energy is increasing in day to day life. Mainly the world is
focussing on solar energy and wind energy. The majority of
the power can be evaluated using solar energy compared

considerable advantages like flexible installation, minimum
upkeep etc., Solar energy or Photovoltaic (PV) energy power
plants are nowadays exhibiting globally a notable
development. The grid connected Distributed Generation
Photo Voltaic ( DG-PV) is the most essential assurance of PV
systems because of some parameters like proven very
efficiency and cost consideration. In spite of that, DG-PV
penetration level (PL) is usually restricted (by distribution
companies) to the level of less than 20% of the substation
installed power due to some constraints. In this way, PV
production impact on the distribution grid operation,
especially in the event of electrical power system unbalance,
is significantly reduced. However, due to such strict
constraints, the progress of the further development and
incorporation of renewable energy sources (RESs) into the
electrical power systems is limited to certain extent. To get
over this, all RES generators (wind parks, PV systems and so
on) have to acquire operating features akin to that of
conventional power plants (based on synchronous
generators), in order to contribute to a fault event too.
Therefore the standard of Low-Voltage Ride Through
Capability (LVRTC) has been adopted in all types of RES
attached to high- and medium-voltage grid. In particular, the
high power level of wind farms favoured the integration of
LVRTC concept in this type of RES and much improvement
has already been achieved.

With the growth in PV plants, especially that are
connected to transmission network, many countries in global
research markets started to implement the LVRTC scheme in
PV units [1]. Regarding the LVRTC scheme, the global energy
markets vary. The Fig. 1 below describes that with the
implementation of LVRTC scheme in many countries such as
Germany, Taiwan, North America, Australia, Denmark etc.,
the desired behaviour of the interconnected units in case of a
voltage drop at their point of common coupling (PCC) is
observed [2]. Particularly the Fig. 1 evaluates that the time
interval that a DG unit has to stay connected to the grid
depends on the voltage dip level, mainly as the voltage
becomes lower, this time interval decreases.
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Fig-1: LVRTC schemes of several energy markets

With the aspects stated above, the standard of LVRTC is
extended so as to include the DG-PV units that are connected
to the low-voltage network is evaluated with the addition of
a single BUS bar to the existing network. The necessary
inverter over-sizing is thoroughly monitored in order to
meet LVRTC requirements. Hence, the interfaced inverters
are obliged to be coupled with the low-voltage network and
feed the faulty part for time intervals that last more than a
few line cycles. Therefore they have to be dimensioned for a
significantly longer duration of faulty conditions, calling for
more effective thermal management and much higher over
current and overvoltage strength, combinable termed as the
over-dimensioning (OD) of PV inverters [3]. The analysis of
LVRTC application on LVDG-PV systems focuses especially
on the Penetration Level (PL). Studies about the PL limits of
PV units have been recently presented [4]. The inverter
design is taken into account and the evaluation of PL
parameter is extended in terms of meeting the current
LVRTC requirements satisfactorily. And also, in order to
fulfill the new operational demands and improving
distribution network during disturbances, the necessary
adjustments on the PV units must be incorporated.

In Section 2, through a detailed theoretical analysis LVDG-PV
design guidelines are presented. In Section 3, the optimum
design of existing network is added with one low voltage
distribution network to check the optimum design is
applicable to any distribution network at higher PL values.

2 LVDG-PV design guidelines according to LVRTC

The main generalised theme of LVRTC scheme with
reference to the fig.1 is to restrict the unnecessary
simultaneous breakdown of multiple generation sources in
the network disturbance condition the generation sources
should be operating (or) connected to low-voltage
distribution network for some distribution of some duration
of time from the fault network and operation time is based
w.r.t electrical degrees function. Here the definition of the
term voltage selectivity rises because electrical distance in
above condition is expressed by voltage dip at Distributed
Generator’s Point of Common Coupling (PCC).

One of the important characteristic for the high
expansion of DG-PVs in focus of high penetration level is
generation loss is limited to the near ones that are close to
the faulty network part in case of short duration faults.

The distributed network have a radial structurei.e..,
if case of fault condition occurred in a network path, there is
no alterative distribution path. More over the units that are
closest to the fault networks are effected more. Therefore
according to the LVRTC scheme since there is no alternative
path the DG’s should fed the faulty part. Based on the above
aspects the design of interfaced inverter should be such that
the proper voltage selectivity is achieved so that on feeding
faulty part during the fault interval time, the interfaced
inverters should withstand the higher currents than nominal
currents in order to stay connected with the distributed
network (or) in continuous operation condition. This ideas
of aspect evaluated several commercial inverters that are
supporting the above characteristics during over current
short term disturbances and so on LVRTC.

The performance and features of the DG units during a
disturbance should be nearly as the performance of
synchronous Generator. This can be done by adjusting the
operational characteristics of the synchronous Generator to
the terms of LVRTC so that in case of disturbance the DG
units must withstand higher currents than nominal rated
currents, since they shall be disconnected after atleast
0.15sec (referred to fig. 1) reaching steady faulty conditions.
Therefore from the above aspects, it is preferable for the
LVDG-units should behave as voltage sources instead of
constant source in disturbance condition so that they
provide higher than the nominal values of current. The
deviation between transient and steady-state currents can
be controlled with the LVDG-PV units in the networks [5].

There are certain aspects that should be incorporated in
design concept. They are :

1. ANl LVDG-PV units must behave as a voltage source
in series with a reactance in faulty conditions.

2. The algorithms related to interfaced inverters to
achieve above aspects must redefined. This is
because there should be a suitable response in case
of a high PL value so as to meet the desired voltage
selectivity value. In particular, in order to avoid
unnecessary generation divergences the inverter
signal must retain its pre-disturbance value in case
of short-term disturbances. In long-term
disturbances, the inverter controller is triggered
either to reduce current within safe- limits (or) trip
LVDG-PV units, if the time limit is exceeded.
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Fig-2: Single-phase equivalent circuit of LV distribution
network line with DG-PV units

limits (or) trip LVDG-PV units, if the time limit is
exceeded.

3. ADesign guide line is presented on the basis of low
voltage network form. Only one distribution line is
considered for analysis. All connected LVDG-PV
units are considered to act as conventional AC
voltage sources based on the above analysis in fault
condition. A three-phase low-voltage network with
DG-PVs, operating under unity power factor in
steady state is considered. If a three-phase short
circuit occurs at the i-bus, then the single-phase
equivalent circuit of Fig. 2 stands.

A similar modeling of distribution network equipped
with DG units for disturbance studies has already been
presented in [6]. The three-phase short circuit is used for
dimensioning the network’s protection equipment, so the
worst case is included. The calculation of bus voltages after a
faultis carried out through the superposition process, which
is absolutely equivalent to the classic method (Yuvus) [7].
However, it offers a better sense of the radial distribution
network passive elements, which affect the bus voltages
after a three-phase short circuit. Considering a three-phase
short circuit at the i-bus in Fig. 2, the voltage at k-bus is
derived from the sum of contributions from all sources.
Particularly, for k <i (fig 2.1) it can be calculated as
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Fig-2.1: Single-phase equivalent circuit of LV distribution
network line with fault at the bus i
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Similarly, for the buses that are on the right side of the short-
circuited bus (k> i), the following expression stands
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Fig-2.2: Single-phase equivalent circuit of LV distribution
network line with fault at the bus i

Visci| k>i = Visksci +Vivsksci + E;‘; FooVisksc (2)
+E_?=;l-+1 Visksciz)
The calculation of the individual terms in (1) and (2)
arises from the superposition principle of sources.

Equation set for the analytical calculation of bus voltages
after the short circuit are as follows

For k<i
Vi->ksci|k<i = Epck 1
1+ ( jXoek / Zk, sci) (3)
k1 7i R sci— ZLvj +1
Viv-sksci|k<i = LV
145 0 Zi R, sCi @
Zo,sci
k-1 o
Vj—>k,SCi|j<k<i = EDGj - 1 Zp, R.sc Zva 1
1+ (JXoei/ Zj, sci) pa Zp,R, sCi )
I Zo. L sci— ZLy
Vij->ksci|k<j<i= Epgj H P : ’
1+(JXDG]/ZJ SCi) pokst Zp.R.SCi ©)
Fork>i
Vik->ksci|ksi = Epck 1
1+ (jXoek / Z, sci) (7)
Viv-sksci|k=i= 0 8
k1 70 R sci— ZLvp +1
Vj->kscili<j<k = Epgj H L
1+ (JXDG] 1Z;,sci) o Zp, R, sCi ©
I Zo L sci— ZLv
Vij->kscili<k<j = EDG] H P : ’
(JXDGJ 1Zi.sc) gz Zp.Rosci (10)
Zxsci = ZxLsci/ [ Zxrsci/ [ Zik (1
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It is worth mentioning that if there is no generation or load
at k-bus, the above equations stand if Epcx becomes infinite,
for the specific k-bus. Considering that DG-PVs supply only
active power in steady state, the internal voltage of a DG
connected to the k-bus is modelled as follows

P = | Epck | *Vk*sin &
DGk =
Xoek (12)

Furthermore as the DGs operate under unity power factor,
the following equations stand

Ppck = Vi * Inak (13)
tan S = Xook ™ losk

Vk (14)

Combining (14) and (15) the following expressions can be
given
tan g, = Xoek * Ppck

2
V., (15)
Finally, from (12) to (15) the Epckcan be extracted as
Epck = Poek * Xpek
* *
Vk*Sin('[anfl( Xbek 2F’DGk ))Ztanfl( Xoek ZPDGk)
V. V. (16)

From equation 16 it is clear that the internal voltage of DG
units depends on bus voltage and DG active power which
steady state parameter at their PCC. From the load flow
analysis the pre fault bus voltages and the LV voltages are
extracted. It is obvious that these voltages changes if Ppg
varies, above equations apply only at typical distribution
networks with radial structure

Euations (1)-(16) taking into account, the DG
contribution to a fault current in case of DG connected to the
k-bus is given by
Epck — Vi, sci

jXDGk (1 7)

Ipcksci =

Example on how the above equation set can be used for the
determination of the minimum bus voltage. If the short
circuit takes place at its neighbouring bus minimum voltage
condition occurs at n-bus. Short circuit at n-1 bus is the
worst case because it leads n-bus to its smallest possible
voltage level(excluding the case of short circuit at n-bus
itself). The root mean suare(rms) voltage at the terminal bus
as follows

1
1+ (IXpen/ Zivn)

Vn,scn-1 = Visnscn-1 = Epen
(18)

Considering that the internal rms-voltage of LVDG-PV unit
is roughly 1pu (in order to generate power under unity or
slightly leading power factor), we come up with the
marginal minimum rms-voltage at a ‘healthy’ bus

JXben

Vmin,rms(pu) =1 , dmin = |1+ I (19)
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Fig-3: Example of the proposed LVDG-PV design concept
for high PL values

Fig.3 depicts Viminrms as a function of dmin in the context of a
design example, considering a specific LVRTC scheme (also
presented in the same figure). Minimum voltage level can be
achieved by setting dmin value in case of a three-phase sort
circuit at neighbouring bus. Specifically from fig.3 the
selection of dmin below 6.5 reassures that voltage at ‘healthy’
buses shall always be > 0.15pu and so they have to stay
connected for atleast 0.625ms(more than 30 lines cycles in
50Hz systems). In this way, the philosophy of LVRTC is
served and so impermanent faulty conditions would have
limited impact on the available DG-PV power production.

3 Integration of new LV network to the existing
Distribution network

The optimum design of LVDG-PV systems which is
proposed in existing network(11) mainly depends on the
selection of Xpg and PL values in the direction of high
possible values of buses voltages under faulty condition. The
above aspect mainly opposes the impact of the temporary
potential disturbance on the DG-PV power production.
Mainly the optimization process is came out for a network
with equal DG-PV units and it can be easily applied at any
distribution network with increased DG-PV penetration.

In order to prove this optimum design is applicable
to any distribution network here we are adding existing
network with one additional LV network is shown in fig4 to
check overall performances of the system at higher
penetration level.
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Fig-4: Layout of distribution network with DG-PV units
with sixth bus

The first step in optimization problems is the definition of an
objective function with one or more variables. Through the
maximisation or minimisation (depending on the case) of the
objective function, the optimum values for these variables
are extracted. The parameters of the optimisation function
are the XDG reactance and the PL value. In this paper, the
definition of PL is based on the total load demand and is
given by the following equation

PL(%)= =25 x 100% (20)

EfLpap

By making the commercial inverters’ supply of over
current up to 2.8 times the Ip¢ for several milliseconds, when
disturbances are occurring, the factor ODk at k-bus for
quality improvement on autonomous LV-PV systems [8] can
be defined as depicted below:

OD(%)= (2225 — 1) x 100% 21)

Ipck-tr

In the optimization process for power quality
improvement or autonomous LV-PV equipment’s a
necessary (ODx) over-dimensioning percentage of DGy
converters in order to meet the LVRTC demands.

Here the existing distribution network is connected
with one extra LV network to check overall performance of
the system at high penetration levels.

The objective function for the new network and its
constraints are as follows

Objective function
f(Xng, PL) = [EP=LE_?=1 b 1"_?}.,1-'&',55_1..‘.,1-'[] (X, PL)
Constraints ODk<ODjimit at k-bus

The main purpose of objective function is its
maximization, it means in order to satisfy the LVRTC

demands respecting the DG-PV units OD constraints ODiimits
Isc the bus voltages are to be maximize. The optimization
process has been conducted for different ODiimits values. The
actual PV inverter design and control are noted according to
the current standards [2], the fault currents more than 120%
of the nominal value does not allowed. According to the
EN50160 standards the bus voltages are under steady-state
conditions when PL values varies between 20 to 120% [9].In
order to know how this factors affects the voltage selectivity
achievement under high PL values various ODiimis are
studied. In order to integrate new LV network to the existing
network the system has to maintain reactance Xpg ateach DG
unit same as in the existing network.

T T T T T T T T

: : : : i | —— ODIimit=10%
r-| —— ODlimit=25% ||
! | —— ODIimit=50%
| —— oDlimit=75% ||
i | —— ODIlimit=100% ||

Fig-5: Xp¢ optimum value as a function of PL for different
ODiimit

From the fig-5 it is clear that the Xp¢ at each DG unit
has obtained same as in the previous network(11) and
higher ODiimir makes possible the achievement of voltage
selectivity under a wider range of PL values. By taking one
example, if ODymit is set equal to 100%, high-voltage
selectivity may be achieved under any PL value between the
acceptable ranges.

100

T T
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90 | [ ODlimit=25%
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801 g onimit=rs% [ T TN
|| I ooimie=100% | L | WM.

-
=]
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Fig-6: Percentage of buses with voltage higher than 0.1pu
as a function of PL, with ODiimit being a parameter, in case
of a short circuit at 1LV1 bus
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In case of a short circuit at 1LV1 bus fig-6 presents the
percentage of buses with voltage higher than 0.1pu as a
function of PL, with ODiimit being a parameter. Short circuit at
1LV1 bus is the worst possible case regarding the voltage
levels. The results in fig-6 agrees with the ones in fig-5,
highlighting the fact that as ODjimicincreases more buses may
preserve adequately high-voltage levels.. Assuming that this
disturbance is temporary, the selection of ODjimic and the
respective optimum Xp¢ value can be set so as to preserve a
critical amount of DG-PVs in operation, especially for high PL
values.

=2 —r T T T 1
— ODlimit=10% H H
ODlimit=25%
— ODIimit=50%
ODlimit=75%
195 —— ODIimit=100%

13-

Ise{pu)

10 20 30 40 50 60 7o 80 90 100 M0 120

Fig-7: Impact of optimum XDG and PL values on the ratio
of bus short-circuit currents in line 1, in case of a three-
phase short circuit at 1LV5 bus (worst case)

Finally, an important outcome of this optimization
process is that the aforementioned results, regarding the Xpg
optimum value, do not remarkably violate the protective
limits of the distribution network. This is shown in Fig-7,
where the ratio of 1LV5 bus short-circuit current is
presented as a function of the PL value, with ODjimic being a
parameter. Particularly, the ISC varies between 1 and 1.35.
The ISC value comes below 1.25pu when ODjimit is lower than
20%. Therefore we have to implement proposed design of
DG-PV with minimum reconfigurations in the network
protection scheme. As long as ODjimic is higher than 25% it
can be deduced that the restriction of Isc < 1.25pu still
permits the achievement of voltage selectivity under a wide
range of PL values.

From above optimization results it is clear that the ideal
characteristics fig5 and figé are achieved and after adding a
new LV network to the existing network short circuit current
Isc below 1.25pu still allow the system to maintain voltage
selectivity at higher penetration level has shown in fig-7.

4 CONCLUSION

In this paper the optimum design of low voltage
distribution network are connected with DG-PV units are
presented and applied with LVRTC scheme in order to supply
the generated power from PV to distribution network at
higher penetration level. The simulation results exhibited the
according affects of the impedance of the DG units on the bus
voltages of the distributed network aftermath of the
happening of the fault. On top of the all aspects the concept of
voltage selectivity been introduced. In order to control the
cost of the system over sizing of interfaced inverter are
limited. In order to integrate new LV network to the existing
network the system has to maintain reactance Xocat each DG
unit same as in the existing network is achieved. The
optimum design with the introduction of a new LV network
to the existing network shown better performance compared
to existed five LV distribution network are represented
through simulation results which shows significantly increase
in short circuit current where Isc < 1.25pu permits the
achievement of voltage selectivity under a wide range of PL
values. Obtained simulation result confirms the effective
development of DG-PV for respective increase in PL values.
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