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Abstract— This paper presents the problem of the power pe-
netration of photovoltaic (PV) systems in urban networks. After
a qualitative problem description, two different environments for
the PV systems have been analyzed: rural and urban networks.
Concerning the rural network a single line has been simulated in
order to evaluate the relation between the number of PV system
installed along the line and the maximum PV power installable.
In the second part of the paper the possible problems due to the
power penetration have been examined concerning a clustered
PV system that will be installed in the city of Torino (Italy) in
ambit of an EU project.

I. INTRODUCTION

Inthe past, most of distribution networks was designed in
order to operate in radial configuration with a single source.
With this kind of network the power flows from the substation
to the loads in every point of the grid. Since the traditional
energy sources are limited, the world has started to think
seriously to some alternative energy sources (renewable and
non renewable). Thus, now we are living the development of
the Distributed Generation (DG). In this scenario the network
has multiple sources and it is possible to have power flow
in reverse direction, from DG units to the substations. In this
case it is possible ti define the Power Penetration [1] that is the
percentage of the DG power referred to the rated power net-
work. The reverse power flow is the main problem that makes
the integration of the DG units not easy. The introduction of
a PV system grid-connected increases the voltage in its Point
of Common Coupling (PCC). The voltage level depends on
the network configurations, on the load conditions and it is
proportional to the instantaneous produced power of the PV
system. The electrical distribution utility has to satisfy some
constraints about the power quality provided to its customers
(Standard EN 50160 [2]. One of these constraints is on the
voltage, therefore if the voltage reaches a too high value, the
PV systems could be stopped just when the power generated
could be maximum (output restriction [3] [4] of the Power
Penetration). In this paper the attention will be focused on
the possible problem of voltage rise in two different situation.
The first one is the connection of PV systems in a “rural”
electrical network. The behaviour of the output restriction
will be analyzed with the simulation of a single rural line.
The second one is the connection in an urban network of a
clustered PV system, i.e. a big concentration of PV systems
in a relatively small area. The clustered PV system analyzed

will be developed in a district of the city of Torino (Italy) in
the ambit of an EU project named POLYCITY [5].

II. PROBLEM DESCRIPTION

Before starting the discussion about the output restriction,
it is important to understand how the photovoltaic system
produces the voltage rise in its PCC. With reference to Figure
1 E, and Z,, are the parameters of the Thevenin generator of
the electrical grid, Z; 4 is the impedance of the load, Ep,
and [ py, are the parameters of PV system model.

Fig. 1.

Electrical systems representation

Using this model the voltage in the PCC can be calculate
as shown in (1). The equation shows that the voltage without
the PV system (I py, = 0) is increased of a value proportional
to the product Z 1 py:

ZLoad

E— _ Sload
Zg + ZLoad

(By+ Z,Ipy) ey

From (1) it is also possible to achieve the limit of the
PV current in order to hold the PCC voltage lower than
the imposed limit that, for example, can be a portion of the
network nominal voltage (k - Eg). The PV current limit is
expressed in (2). Unfortunately, this equation is useful only
in order to understand the problem. In fact the values of Z g
and Z; ., are not generally available with good accuracy,
therefore it is always necessary a deeper analysis of the
problem in different ways. Moreover, in a clustered PV system,
the utilization of the equation (2) would be an additional
simplification, because the combined work of the PV systems
would be neglected.
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After the overview about the cause of the voltage rise,
it is possible to define the output restriction: the constraints
imposed to the electrical quantities (voltages, currents, fre-
quencies, etc...) must be satisfied in all operational conditions.
The output restriction is the limitation of the DG power in
order to satisfy these constraints. The maximum admissible
power penetration depends on the existing network parameters
and, if there are more than one PV system in a “small”
area, on the combined operation of all the PV systems.
Unfortunately this maximum it is not easy to estimate for the
reason explained above.
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Fig. 2. Voltage profile without DG

The reverse power flow due to the PV systems changes the
normal voltage profile over the network length. A qualitative
voltage profile without PV system is shown in Figure 2, it is
decreasing over the network length and usually the system is
designed in order to hold the voltage drop at the end of the
line less than 4%.

In Figure 3 a qualitative voltage profile with a PV system
inserted at the end of the line is shown. The figure represents
an especial situation where the absorption from the loads is
low and the PV generation is higher than the total absorption,
e.g. at noon of a summer day. In this configuration the voltage
is increasing over the network length and the voltage at the
end of the line reaches a value higher than 230V. Italian
standard CEI 11-20 requires that a DG unit must be managed
so that the network can be considered like a “passive network”
(in other words, without DG units). This means that if the
PV system causes a perturbation in the network, it must be
immediately and automatically disconnected from the grid. In
order to satisfy what it has just required, Italian standard CEI
11-20 shows typical connection of a PV system that it must be
adopted, Figure 4. By the interface device it is possible to think
at the network as a passive network because it is equipped

with over-under voltage relays and over-under frequency relays
(in some cases there is also a device able to measure the
variation of the grid impedance, but this last characteristic is
not imposed from the Italian standards).
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Fig. 3. Voltage profile with DG
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Fig. 4. Typical connection layout of PV system

Now it is possible to understand that if the maximum value
of voltage reached in the PCC of the PV system is higher
than the setting of the over-voltage relay, the PV system will
be disconnected with consequent loss of power. This situation
is called output restriction.

There is already an existing study that documents output
restriction, it is based on clustered PV systems in Gumna,
Japan, [3], [4]. In this case the behaviour of the restriction is
different. The interface device, instead of disconnecting the PV
systems, forces the Maximum Power Point Tracker (MPPT)
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to reduce the output power at the highest acceptable value in
order to hold the PCC voltage in the admissible range.

III. UPPER VOLTAGE LIMITS

Firstly, the maximum admissible voltage value has to be
evaluated. We have to analyze both interface device specifi-
cation and standard EN 50160, and then we will take into
account the lower limit. Table I summarizes the interface
device specifications. As it is clear the interface device allow
to the PCC voltage to rise up to 1.2 En.

TABLE I
INTERFACE DEVICE SPECIFICATION (CEI 11-20)

Nominal Values
Relay Vn/En f Intervention value | Accuracy
[V] [Hz]
over-voltage 400/230 1.2 En =5%
under-voltage 4007230 0.8 En =5%
over-frequency 4007230 50 50.3 or 51 Hz = 50 mHz
under-frequency | 400/230 50 49.7 or 49 Hz =50 mHz

The standard EN 50160 instead imposes that, every average
RMS voltage value calculated over a period of 10 minutes
has to be less than 1.1F,,. It is worth noting that the two
constraints are different because the interface device imposes
an upper limit on the instantaneous value of the voltage
and the EN 50160 imposes an upper limit on the average
value of the voltage. For our simulation we will impose that
the instantaneous voltage value must be under 1.1F,,. This
constraint is a sufficient condition for the satisfaction of the
interface device specifications and the EN 50160 prescriptions.
Finally considering a single-phase system the upper limit will
be 1.1- E, =1.1-230 =253V

IV. PV PENETRATION IN A RURAL NETWORK

In this part of the paper it will be examined the PV
penetration in a “rural line”, i.e. an electrical line that supplies
energy in a zone where there are only a few users and therefore
the electrical network capacity is weak. Some simulations will
be performed in order to evaluate the relation between the
maximum PV power installable and the distribution of this
total power along the line. All the simulation will be done in
the worst case characterized from zero absorption of the loads.
In the simulations the PV system is modeled with a constant
power generator working with unitary power factor, in fact
the power of the PV systems is imposed from external factor
(irradiance, temperature, etc) and the Italian standards impose
that a grid-connected PV system has to be regulated with zero
reactive power.

We take into account a line of 500 m supplied from a pole
MV/LV substation, the characteristics of the supply system are
summarized in Table II.

This system is thought to supplying five domestic users. It
has the minimal requirements for satisfy the voltage drop limit
at the end of the line. The maximum installable power will be
evaluated starting from the case in which there is only one PV

TABLE I
SUPPLY SYSTEM CHARACTERISTICS

Transformer ‘ Line (500 m)
An [kVA] 160 S [mm2] 25

Pj [W] 2550 | r [Q2/km] 0.899

vee% 42 | x1[Q/km] | 0.106

system at the end of the line and arriving to the case in which
there are ten equal PV systems distributed along the line at
the same distances. With reference to Figure 5 the n subscript
goes from 1 to 10 and the following equations are valid:

* * *
EPVllPV1 = EPvzlpvz == EPanPVn (3)
Ppyiot
* to
Epyplpy, = 4
n
Ppyy,
Ipyp = —F— ©)
n- Epyy
=g LLwL/n ZLrul/n ZLmL/ll
— T
+ \_/‘ l ll’\/u
AE " /‘, s
E, En. ( T Ene €
. Lm

Fig. 5. Simulation network layout

Two different simulation environments have been used,
MATLAB and DigSILENT [6]. In the first case the simple
equations of the system have been implemented, instead
DigSILENT is an simulation software of electrical networks,
therefore the components already existing in the software have
been used. The maximum installable power is intended as the
maximum power installable along the line so that at its end
the voltage reaches the limit of 253V. In Figure 6 the main
results of the simulations are shown . The y-axis represents the
Increment Of total Power (IOP) that can be installed along the
line with respect to the maximum PV power installable with
one generator at the end of the line. The IOP can be defined
an shown below:

P ot(n - P ot(n=
JOP — LPVietn) PViotn=1) 10 ©)

PPVtot(n:l)

With Ppyot(n) = maximum PV power installable along the
line with n PV generator.

The maximum power installable with one PV generator at
the end of the line is about 36 kW, instead with ten generators
the IOP is about 75%, therefore it is possible to install along
the line 63 kW. We can see that the two characteristics are
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Fig. 6. Simulation results of a rural line

not equal. In fact with DIgSILENT simulator the PV systems
have been modeled with a common generator model that does
not follow perfectly the equation (3), instead in MATLAB we
have imposed the equation (3) for each PV systems.

V. PV PENETRATION IN URBAN NETWORK: ARQUATA
DISTRICT WORK EXAMPLE

Arquata is a district of the city of Torino. In this district
some innovation concerning the supply side system will be
integrated in the ambit of an EU project called POLYCITY.
In particular, it will be installed a co-generation plant that will
work combined to a district heating network and 150kWp of
PV systems will be installed in this configuration:

¢ 50 kWp installed on a facade of an office building;
o 100 kWp distributed on 11 roofs of the council buildings
of the district.

This system is configured as a clustered PV system and,
by comparing the characteristics of our project with the
characteristics of another already studied clustered PV system
in Japan [1], [2], we can see that our district will present a
density of installed power of 1.25 kW /m? with respect to the
0.8 kW/m? of the Japanese case. The source of this paper
is this higher power density with respect to a clustered PV
system that has had PV penetration problems.

A. Electrical network model

In Figure 7 the Arquata electrical network is represented.
It is composed by two MV/LV substations characterized by a
rated power of 400 kVA and 250 kVA. Seven LV distribution
lines start from the substations, four by the first one and
three by the second one. Moreover the electrical network is
composed by 76 nodes that represent the supply points of the
buildings (or sometimes half of building).

The transformer and the distribution lines are modeled
with impedances. The values of the transformers impedances
have been calculated by mean of their rated values. The
line impedances have been calculated using standard cable

MV/LY " pigtribution line n°1 Nodes

transformer
400 kvA Distribution line n°2

@ Distribution line n°3

Distribution line n°4 V P\C
. Buildings
Utility system
MV/LV  Distribution line n°5
transformer
250 kVA

@ Distribution line n°6

Distribution line n°7

Fig. 7. Arquata electrical network scheme

impedance parameters referred to the cable sections and
lengths.

If the electrical network layout is not available it is possible
to measure the line impedances with a method that is now
under validation with experimental tests. It is possible to see
reference [7] for the introduction to the method.

In Figure 7 it is possible to see that the loads (each
buildings) and the PV systems are connected to the distribution
lines. In the real case each building is supplied by a line that
starts from one node and supplies all the common and private
uses of the building. However in this paper the minimum
aggregation of loads is intended as a building because we
assume that the inverters of the PV systems will be installed
where the electrical meters are now installed . Therefore the
connection of the PV system with the grid will be done in the
node of the distribution line, i.e. in parallel with the building.

B. Load and PV system models

For the load model it has been used the “constant current
load model”, Figure 8.a. The value of the current is derived
from the load analysis (see next section). It is worth noting that
it is constant only the current magnitude because the phase is
imposed by the proper power factor of the load (cosy). Since
in our simulation all the loads represent building appliances,
we have imposed all the power factors equal to 0.9. The PV
system is modeled with a constant power generator working
with unitary power factor. With reference to Figure 8.b we
have that E py 1. Ipy;, = cost

C. Load analysis

In this section of the paper we will present the results
of the analysis of the district loads. Through this analysis
it is possible to define the current that have to be used in
the load models. The thirty percent of the total loads have
been examined and then we have extended the results to the
remaining seventy percent.

The starting data are the bills of the whole district for a
period of about 10 years. Since these data are affected by
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Fig. 8. Load and PV models
TABLE III
LoADS

Average annual N of Average annual N of

consumption of | private consumption of | common

one private use uses one common use uses

[kWh/year] [kWh/year]

Building 1 1831 17 1099 2
Building 2 1741 10 648 2
Building 3 1496 15 537 3
Building 4 1387 15 1168 2
Building 5 1658 15 1563 2
Building 6 1606 15 1282 2
Building 7 2130 17 1519 2
Building 8 1723 13 901 2
Building 9 1696 13 1987 2
Building 10 2089 13 1491 2
Building 11 1963 14 760 2

bill’s balance, we have chosen a minimal base of the clustering
as one year. In Table III the main results of the analysis are
shown. It is possible to see the average annual consumption
of one private and common uses of the 11 buildings where
a PV system will be installed. We can note that the annual
consumption is low: the average value for the private uses is
about 1750 kWh/year. Starting from this value it is simple
to define an average power and the relative average absorbed
current that have to be used in the simulation.

Really the simulations have to be done in the most critical
case of loads (i.e. minimum load). In our case the minimum
load absorption has been imposed as 10% of the average
absorption. This value is lower than the value adopted in
reference [1], i.e. 25% of the maximum absorption. We have
done this choice in order to be sure to take into account the
most critical situation of low load.

Moreover in the district is started a monitoring activity on
the distribution lines. From the first result, Figure 9, it is
possible the monitoring relative to a final part of a distribution
line. It represents the absorption of one building. It is possible
to see that sometimes the real minimum consumption is lower
than 25% of the maximum power. It is also possible to see that
our hypothesis is more restrictive than the necesary because
the 10% of the average power is always lower than the real
minimum absorption, however we have only a little monitored
period of the year, therefore in some other period the minimum

absorption could be lower.

°] N

5 Maximum Power (P, )

Average Power (Pm)

R (o

I iipL I !\ [T A

WO [25% P,
—[10%P,
= :
N
'\'\\Q%\{L

Power [kW]

Fig. 9. Monitoring of one distribution line

The work about the monitoring of the distribution network
is in progress. Therefore when enough data will be achieved
the simulation will be done not only for the worst condition
but for all the point of the monitoring. In this way it is possible
to obtain results under real conditions of loads.

D. Load flow solution

The solution of the load flow is obtained with the well
known “backward/forward sweep” method that is suitable for
radial networks.

The convergence of the method is fast: all the simulation
have been solved in less than six iterations.

E. Results

Some simulations have been carried out in different condi-
tions of the systems. The first simulation is aimed to evaluate
the over-voltages along the LV distribution line. The parame-
ters of the simulation are:

o voltage value supplied from the MV/LV substation of
230V,

« maximum generation from the PV system;

« minimum condition of load, i.e. absorbed current equal
to 10% of the average absorbed current;

>
o

o
o

g
=)

N
2

N
=)

Over voltage [%]

Node

Fig. 10. First simulation, over voltages
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With this configuration the maximum over voltage is
reached in the node 46, the value is shortly lower than 1.4%.
It should be stressed that the chart represents all the seven
lines, therefore it does not look like the Figure 3 because it
represents only one line.

The second simulation is aimed to evaluate the maximum
voltage drop along the LV distribution line in normal condi-
tions, i.e with these parameters of the simulation:

« voltage value supplied from the MV/LV substation of
230V;

¢ zero generation from the PV system;

« average condition of load;

With this simulation we can see that the maximum voltage
drop is reached in the node 48, the value a little bit lower than
3%.

The third simulation has the same goal of the first one but
with different parameters:

« voltage value supplied from the MV/LV substation of
236V, this is the voltage value that allows to vanish the
voltage drop in the node 48. This value simulates an in-
tervention on the tap changer of the MV/LV transformer;
maximum generation from the PV system;

minimum condition of load, i.e. absorbed current equal
to 10% of the average absorbed current.

Over voltage [%]

Fig. 11.

Third simulation, over voltages

Of course in this way the maximum over voltage is reached
in the same node of the simulation one. But the value is near
to 4%.With these three simulations we can confirm that the
district will not have problem about PV penetration.

We have already evaluated the maximum installable power
on the eleven roofs with the fourth simulation, i.e. 45 kWp
per roof. It is important to note that although this value is
acceptable because the total PV power installed is less that the
power of the two MV/LV substations and the current generated
from the PV system is less than the capacity of the cables, the
over voltage on the line exceed the 10%.

VI. CONCLUSION

In this paper the problem of the power penetration of PV
system in a rural and urban network have been analysed. It has

been observed that problems can occur mainly in a rural line
than in an electrical network of a city because the parameter
with more influence on the voltage rise is the distribution line
impedance, in fact different methods have been proposed and
tested for measuring the grid impedance [7], [8], [9], [10],
[11]. In Arquata district most of the cables have high section
(95 mm?) also if they are at the end of the line because in
some configuration, i.e. maintenance of one substation, they
should transport a consistent share of current. Instead in a rural
line the cables sections are low for a lot of meters; therefore
in some cases the line impedance has a high value causing
a voltage rise that exceeds the limits. Therefore the density
of installed PV power (kW /m?) is not a sufficient parameter
in order to define the maximum power penetration because it
does not take into account the capacity of the grid.

Finally, it has to be stressed that the problem in the city is
not always negligible, in fact when the PV plant size is very
high (= MW) the voltage rise could be a problems also for
the system parallel with an urban electrical network.
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