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Abstract. presented paper addresses the problem of proper
large-scale integration of photovoltaic (PV) systems in urban area
distribution network (DN). A methodology for minimization of
annual energy losses in DN by optimal placement of PV systems,
which simultaneously considers rooftop PV potential and time-
dependent network operation, is presented. Optimal reactive
power generation of PV systems and optimal setting of on-load
tap changer (OLTC) equipped transformer in secondary
substation are determined as well. Furthermore, proposed
methodology enables evaluation of the impact of OLTC equipped
transformer on the share of PV installation that urban DN can
accommodate. Proposed methodology is based on the
optimization tool called differential evolution, with the objective
function set to minimize network’s annual energy losses, while
preventing the voltage violations and thermal overloading of
lines. Results of the case study performed on a real urban low
voltage distribution network, with consideration of different
scenarios of OLTC operation are presented. The results indicate
that simultaneous consideration of chosen variables yields greater
benefits to DN operation in terms of reduction of annual energy
losses and greater PV penetration.
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1. Introduction

Urban area distribution networks (DN) are expected to
accommodate rapidly increasing share of distributed
generation (DG) units, especially photovoltaic systems
(PV), due to political directives and incentives promoting

their integration [1]. This phenomenon, however, could

cause problems with voltage rise beyond the statuary
limits. Furthermore, with European Commission’s Energy
Efficiency Winter Package 2016 [2], active participation of

different elements of DN and novel algorithms of DN

design, operation, control and optimization are being
promoted. Therefore, with proper operation of active

elements in the network, such as voltage control devices,
reactive power control, real time network reconfiguration,

demand side management etc., low voltage (LV) networks
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could accommodate greater shares of PV systems, than
previously possible [3]. In addition to ensuring the proper
voltage profiles, optimization of distribution network
operation, in terms of minimization of energy losses
could also be achieved.

This paper presents the methodology for assessing the
benefits of optimal installation of PV systems in real,
urban, low voltage distribution networks, with
simultaneous consideration of PV potential of rooftop
surfaces and time-dependent network operation. Optimal
reactive power generation of PV systems and optimal
setting of on-load tap changer (OLTC) equipped
transformer in secondary substation, supplying the
network, are determined as well. Previous work of the
authors proposed a methodology for determining rooftop
surfaces, suitable for installation of PV systems, based on
LIiDAR (Light Detection And Ranging) data,
pyranometer measurements, and time-dependent network
operation [4], and employed the PV potential assessment
method, presented in [5]. The work showed that most
optimal surfaces, with respect to PV potential, are not
necessarily the best from the network operation point of
view, and that detailed consideration of time-dependent
network operation should be taken into account as well.
In this work, not only the time-dependent power
generation and consumption are considered, but also the
generation of reactive power of PV systems, as well as
optimal setting of OLTC. Evaluation of enhancement of
PV penetration in LV networks due to optimal OLTC
operation can be found in literature [6], [7], suggesting
that OLTC equipped secondary substations are yet to be
utilized with modernization of the LV networks.

Presented paper is structured as follows. Second section
explains in detail the proposed methodology for
minimization of annual electric energy losses by
simultaneous consideration of PV potential, time-
dependent power generation and consumption, reactive
power generation and OLTC settings. Third section
presents the real urban low voltage network and four
different OLTC operation scenarios, chosen for the case
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study of the proposed methodology. Fourth section
presents the results of the annual reduction of energy
losses and selection of optimal rooftop surfaces for
installation of PV systems for considered scenarios of
OLTC operation, thus allowing the evaluation of the

impact of OLTC operation on PV installations in urban

DN. Final section concludes the paper and gives the final
remarks.

2. Proposed methodology

The flowchart of the proposed procedure for minimization

of the annual electric energy losses, by installation of PV
systems on locations, optimal from the standpoint of both
network operation and PV potential, with simultaneous
consideration of reactive power generation and OLTC
setting is presented in Fig. 1. Algorithm firstly evaluates

the annual network losses of the original network.

Calculation of optimal additional active and reactive

power generation and OLTC tap operation, yielding

minimum annual energy losses follows. In the final step,
rooftop surfaces that ensure the required active power
generation are chosen for installation of PV systems.
Detailed description of individual steps in the given

flowchart is given hereinafter.
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Firstly, annual electric energy losses are determined for the
original network operation, without consideration of the
OLTC. Evaluation of losses in a specific time point is
performed using the load flow calculation, suitable for
radial distribution network (backward-forward sweep
method [8]). Hourly loading profiles for the points of
common coupling (PCC) in the discussed network, for

pyranometer. Nonlinear efficiency characteristics of PV
modules with solar inverters, their inclination and
shadowing from surrounding territory and vegetation are
considered as well. Based on these data, hourly profiles
of power generated by monocrystalline PV systems that
could be placed on considered rooftop surfaces are
determined. Evaluated rooftop surfaces are categorized
by suitability for PV installations, considering their
average solar irradiance, thus distinguishing between
more to less preferable surfaces for placement of PV
systems.

Following step in the proposed methodology is the
optimisation part, with optimal solution defined as the
one yielding the minimum annual energy losses.
Objective function, satisfying such definition is given as
the quotient of annual energy losses of the DN with
added PV generatioW . ..., and annual energy losses

of the original network without the consideration of the
additional PV generationW . ,.,on (1)- Penaltiesp

ensure that the voltage profiles and thermal loading of
lines are kept within the required limits.

Vvlossfadde

Qs = Min +p 1)

loss_origDN

Optimization tool chosen for the proposed methodology
is differential evolution (DE) [9]. The goal of DE is to
find such set of search parametegswhich will satisfy
given objective function (1). It is a metaheuristic
procedure that mimics the process of evolution in nature,
by considering mutation, crossover and selection of
search parameters, thus ensuring the exploration and
exploitation of search space and reducing the chance of
getting stuck in a local optimum. In this study, number of
DE search parameters corresponds to the number of
PCC in the LV network, considered for installation of PV
systems onto their rooftop. For each PCC, a share of
possible active power generation from the power
available on the adjacent rooftop surfaces is determined.
If the optimum additional power generation for a AGE
obtained by taking into account all adjacent roofs, the
value of search parametegy; is 1 (i.e. 100%). If only part

of the available power is required, search parameter gives
the required share. Additional search parameggr; is
introduced in order to determine the optimal reactive
power generation, which is defined as a relative share of
possible active power generation from the considered PV
systems. It is represented with a single parameter,
meaning that all PV systems will operate with the same
power factor, which will be constant throughout the year.
Operation of OLTC will, depending from simulation

average day of every month, are created based on long- scenario, be constant throughout the year, or its monthly

term measurements on the transformer substation
supplying the network. By performing a series of load flow
calculations for every hour of average day in a month,

calculation of power losses and thus annual energy losses

is possible.

Assessment of PV potential of rooftop surfaces is
performed based on areal LIDAR scanning data, and by
long-term solar irradiance measurements made with
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or hourly operation will be enabled, allowing the
assessment of impact of OLTC equipped transformer
operation on PV installation.

After DE determines the optimal additional PV
generation per each considered PCC in the network, their
reactive power generation and optimal OLTC operation,
the final step of the presented methodology remains. Set
of rooftop surfaces capable of generating power
determined in DE must be selected from the set of all
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considered surfaces. The selectiopésformecin a way,
that rooftop surfaces, more suitable for the installe
from solar potentialpoint of view are selected firs
followed by those of lower rating3his way selection of
minimum number of rooftopsguaranteein demanded
generation, is ensured.

3. Casestudy

Real urban LV network chosen falemonstration of th

proposed methodology is presented-ig. 2. Polygons in
the figure represent rooftop surfaces, whosolar

irradiance ancdhourly values of PV potential have be

determined in previous work [5Burfaces are categoriz

into four suitability categories, according to the s

irradiance they are exposed t8econdey transformer
substation is supplying 24 PCC, wiB® rooftop surfaces
considered, adjacent to 22 PGC& the network. Fo

remaining two PCCdata regarding solar irradianon

adjacent rooftops/as unavailable. This paper assu that

the transformer in secondarsubstation, supplying tF

network, is equipped with OLTC, wittotal voltage range
of +12%, 9 tap positionand 3% voltageange per step
(i.e. £4x3%).

[ Medium solar irradiance [l Lowest solar irradiance

4 MV/LV substation PCC
« LV nodes == LV line segments [ Highest solar irradiance Low solar irradiance

Rooftop surfaces

Fig. 2: Discussed rearban LV distribution netwo..

Following four scenariosof OLTC operatio will be
consideredand results of preformed simulats will be
presented in the following section.

* Scenariol: noOLTC
In this scenario, optimal active and reactive pa
generation are determined. Voltage of the slack bus
busbar of the transformer) is set to correspond to ne
tap position of OLTC (as if it were ndtere), which is C

e Scenario 2: optimal annual OLTC tap position
In this scenario, optimal active and reactipower
generation are determinedor different OLTC tag
positions that are considered constanbughout the yee

» Scenario 3: optimal monthly OLTC tap
position
In this scenario, optimal agg and reactive powt
generation are determined, for different OLTC
positions that are considered constéimtoughout each
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month (i.e. optimal tap position is determined for e
month).

e Scenario 4: optimal hourly OLTC tap
position
In this scenario,optimal active and reactive pow
generation are determinedvith hourly change of ta
position allowed(i.e. optimal tap position is determin
for every hour of average day in a mo.

In each scenario, after determining the optimal sha
PV generation per eadPCC, rooftop surfaces, yielding
such generation are selec Rated power (kWp) of
required monocrystalline PV systems is determine
well.

4. Reaults

Obtained results for thecase study of four OLT!
operation scenarios othe real urban LV distribution
network, presented irthe previous section, is given
hereinafter.

Table | gives the radttion of annual energy los: (with
respect to the original DN, without the additional
systems)and rated power cthe PV systems required for
obtaining such reductigrior chosen operation scenarios.
Number of selectetboftop surface, yielding determined
rated power, from 69 rooftop surfaces present in
network model is given as we

Table I: Simulation results fdour OLTC operation scenarios.

Scenario | Scenario 2 Scenariof3 Scenarip 4
Loss reduction (%) 27.7 37.6 39.3 39.9
rated power of PV systems (KWp) 268.% 204.3 264.7 264.1
number of chosen|whole surfacg 32 14 31 31
rooftop surfaces | partial surfacg 11 19 11 11

Rooftop surfaces, chosen as the best locations
installation of PV systems, by considering both
potential and timelependent network operation
presented in Fig. 3 td-ig. 6. Percentages represent
required parts of individual rooftop surfa

100% @

Fig. 3:Selected rooftop surfac— scenario 1.

RE&PQJ, Volume No.17, July 2019



00%

00%

Fig. 6: Selected rooftop surfaceseenarit 4.

Fig. 7 presents the valuess®arch paramete determined
by DE for four OLTC operation scenarios. First 22 ve

(PCC 1 - PCC 22), represauercentage shares of availa
power generation for each PCglelding minimum annug
energy losses. Last, %3 search parameter giv
information regarding optimal geragion of reactive
power, given as a share of determined active pi
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Fig. 7:Optimal additional PV generation fPCC, given as
share of available generation with respect to PV pote
From theresults presented Table | and Fig. 3 to Fig. 7
follows that operationscenario o OLTC equipped
transformer has significant impact on both

installation and energy losses in the [

53 (39.3% reduction of losses)

Without theconsideration of LTC (scenario 1), optimal
placement of PV systems of 268.3 kWp rated pc
yields in 27.7% reduction of annual energy lo. In the

second scenario, additional 10% reduction of losses
be achieved, by setting tap position to +3. However
increasing the voltage profile (and thus reducing

power losses), distribution network can accommo

smaller amounts of PV systems, witt violating voltage
limitations.

If monthly change of OLTC tap position is allov
(scenario 3)12% more reduction of annual energy los
is obtained, with almost the same rated power
selection of rooftop surfaces as in scenario
Furthermore, byllowing the change of tap position on
per month from ideal position -, obtained in scenario 2,
60 kWp more PV systems cbe accommodated and 2%
more reduction ofenerg' losses achieved. Optimal
monthly tap positions are presented Table Il. The
results show that only two changes of tap pos per
year are required, between “summer” (May to Aug
and “winter” months (September to Ap. During
months with higher power generation from Isystems,
it is optimal to reduce tap position from +3 to +2, t
somewhat increasing the losses, but allowing the gr
accommodation of PV syster With approach of colder
months, tap position is set backvalue +3.

Table II: Optimal monthly OLTC tajpositions.

}ﬁn|Feb|Mar|Apr|M§y|Jun|Jul\Auq|Sg)|Oct|Nov|Dec|
+3 | +3 | #3 [ +3| +2| +2] 2| +2 | +3| +3| +3] +3]

In scenario 4, optimal tap position was determined
every hour of every day in a monResults obtained are
almost identical to the scenario 3, with the differenc
additional 0.6% of reduction of energy losses, with s
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rooftop surfaces selected as most optimal for placement of
PV systems.

Table Ill: Optimal OLTC tap positions for every hour of average
day in a month.

Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep | Oct | Nov | Dec

00:00| +3 3 +3 +3 +3 +3 +3 +3 +3 +3 =) +3
01:00 [ +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
02:00 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
03:00| +3 3 +3 +3 +3 +3 +3 +3 +3 +3 =) +3
04:00 [ +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
05:00| +3 3 +3 +3 +3 +3 +3 +3 +3 +3 =) +3
06:00 [ +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
07:00 [ +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
08:00| +3 3 +3 +3 +3 +3 +2 +3 +3 +3 §h3) +3

23:00| +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 §h3) +3
Table 1l gives results of optimal OLTC tap positions for
every hour of average day in a month. The results of tap
operation are similar to the ones obtained in scenario 3,
with change of tap position being required only during the
warmer months from April to August. Furthermore, by
allowing the OLTC operation during the day as well, it is
seen that during these months only two tap operations per
day are required. In the morning, when PV systems start
generating power, tap position is lowered from +3 to +2.
Second operation is required in the early afternoon, when
tap position can be set back to value +3.

5. Conclusion

Presented paper introduced the methodology for placement
of PV systems, on locations, optimal from the standpoint
of both time-dependent network operation and PV
potential, with simultaneous consideration of reactive
power generation and OLTC operation. Optimal solution
was considered to be the one, resulting in minimization of
annual losses of electric energy, without the violation of
voltage profiles and current limitations. Presented method
was used to evaluate the impact of OLTC equipped
transformer operation on a large-scale PV installation in
urban distribution network. Case study on a real, urban
low voltage distribution network was performed for four
OLTC operation scenarios. As it has been shown in our
previous work, rooftop surfaces, highly suitable for PV
installation regarding the PV potential, are not necessarily
optimal from the DN operation standpoint, as they may
cause the reverse power flows, increase of losses or
violations of voltage profiles. Therefore, it is important to
include different parameters of network operation, when
sitting and sizing new generation units, and this paper
included the consideration of OLTC equipped transformer.

Increasing the voltage profile in the network by setting the
higher OLTC tap position, fixed throughout the year, can
lead to additional 10% reduction of power losses, with
respect to neutral OLTC tap position. However, it also
results in a significant reduction of rated power of PV
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system that network can accommodate (from 268.3 kWp
to 204.1 kWp). Almost identical reduction of annual

power losses can be achieved by allowing monthly or
hourly change of tap position The results of simulation
scenarios 3 and 4 indicate that for the discussed
distribution network, wear and tear due to increased
OLTC operation would not be a problem, as tap
operation would be required only during the summer
months, twice per day (in the morning and in the
afternoon).
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