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Simplified Modeling of Low Voltage Distribution
Networks for PV Voltage Impact Studies

David Santos-Martin and Scott Lemon, Sudent Member, |EEE

Abstract—Distributed generation is increasingly being inte-
grated into distribution networks worldwide, presenting new
challenges for network operators and planners. In particular,
the introduction of photovoltaic (PV) generation at the low volt-
age (LV) level has highlighted the ongoing need for more extensive
and detailed modeling to quantify the full extent and nature
of potential impacts. While a number of approaches have been
developed to address the size of this problem, the most accu-
rate and comprehensive approach is to carry out simulations for
the entire network across multiple scenarios. However, this task
is computationally complex and requires significant amounts of
data. To address this challenge, this paper presents a simpli-
fied and computationally efficient methodology based around a
two-bus equivalent model, which may be used to estimate the
maximum voltage in an LV area due to PV generation over
time. The developed model is validated against a full three-phase
power flow approach for a real-world distribution network com-
prising 10213 LV network areas. Furthermore, to highlight its
utility, the model is used in a case study examining the effective-
ness of reactive power injection for mitigating overvoltage due
to PV generation.

Index Terms—Distribution network, photovoltaic systems,
power system modeling, reactive power, voltage impact.

I. INTRODUCTION

ISTRIBUTED generation (DG) and, in particular, photo-
voltaic generation (PV) is increasingly being integrated
into distribution networks (DN). Currently, over 180 GW of
PV generation has been installed worldwide, with an average
of over 120 W per inhabitant in Europe in 2014. This gen-
eration comprises small residentia schemes, which make up
25% of total installed capacity in Europe, and larger commer-
cia plants at the low- and medium-voltage levels. Asthe price
of PV components continues to decrease, this trend of acceler-
ating PV penetration levels is expected to continue, with grid
parity being reached in a number of countries [1].
However, the introduction of such distributed generation
sources leads to new challenges and concerns for distri-
bution system operators (DSO) and planners worldwide.

Traditionaly, at the low- and medium-voltage levels such as
400V and 11kV, distribution networks have predominantly
been comprised of passive loads. The flow of real power has
thus been largely unidirectional, flowing down from distri-
bution transformers to the connected loads, thereby allowing
control and protection schemes to be defined unambiguously.
As DG is introduced and power is injected back into the net-
work, the resulting reverse power flows may initialy lead to
overvoltage issues and also, at high penetration levels, over-
loading issues. These issues may in turn necessitate more
complex control and protection schemes at both the network
level and within individual DG units.

DSOs are consequently faced with two key challenges under
this changing paradigm: to understand the impact of DG
across their networks; and to ascertain the best methods for
managing/mitigating these impacts to ensure compliance with
standards and regulations [2], [3]. In many cases this is partic-
ularly difficult given the accelerating rate of PV uptake and the
immediate need to introduce planning criteria. To address these
challenges, detailed studies and simulations must be carried
out for each section of the network, across multiple current
and future scenarios, and with sufficient spatiotemporal reso-
lution. A number of such large scale PV integration studies
have been carried out worldwide as in [4] and [5].

In general, the impact studies required are technically and
computationally complex, necessitating the development and
creation of new and more detailed models of LV network
elements, household load, PV generation, and their intercon-
nection. In many cases the models and data required are not
available, not complete, or not in a form readily usable for
such studies at this voltage level [6].

A number of approaches have been adopted to perform
these studies, including analyses of only the worst-case
scenarios [7], or broader probabilistic analyses of all likely
network configurations and generation scenarios [8]-{10]. To
simplify the process of analyzing the impact of PV genera
tion across a DN, a common approach is to only modd a
subset of the areas, which are considered 'representative’ of
different sections of the network. However, this methodology
precludes a detailed understanding of the impact within every
LV area, and introduces a degree of uncertainty that is not
easy to assess.

Undoubtedly, the most accurate and comprehensive
approach is to simulate the entire network using quasi-steady
state power flows or dynamic simulations, performed over
extended time periods at a high temporal resolution, and across
a diverse range of scenarios. However, the computational
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burden and data requirements for such an approach are
immense. For example, a European-style distribution net-
work with 500,000 customers may have on the order of
10,000 MV/LV distribution transformers and 15,000 feed-
ers. Simulating a single year with only 10 minute reso-
lution, and recording the voltage and current at each bus
in the network, may require severa weeks of computing
time for a single workstation, and will produce terabytes
of data.

It is proposed that a simplified model can be used to accu-
rately estimate the magnitude of overvoltage within LV areas
with only limited data and in a small amount of time. Such
datais limited to the length and impedance of each branch and
the parent branch to which they are connected, as well as the
load/generator ratings and parent connection. It can thus be
implemented as a simple analytical spreadsheet script operat-
ing directly on raw tabular data, without having to first convert
data to a specific format and then interface with a full power
flow solver. This in turn alows DSOs to quickly identify and
prioritize those areas which require more detailed analysis and
studies. Furthermore, such a model can be used to simplify the
computational complexity of carrying out integrated studies
incorporating the entirety of the MV and LV networks.

The idea of creating simplified or aggregated network mod-
els for analyzing the impact of DG is not new. In [11],
a lumped load model is developed for estimating voltage
drop and power in balanced three phase systems with uni-
formly distributed loads. In [12], a method is proposed for
aggregating a wind power plant (WPP) collector system.
This method is utilized in [13] for computing the equivalent
collector system impedance of distribution- and transmission-
connected PV plants. The resulting 'single-machine equival ent
representation’ is used in bulk-system load flow simulations
for estimating real and reactive power losses in lines [14].
In [14] and [15] a methodology to reduce distribution feeders
for simplified loss analysis at the distribution level is presented
and validated for snapshot and time series simulations. The
existence of these recent studies highlights the need for the
development of simplified models, and in particular those for
analyzing voltage impacts due to DG.

Among the most relevant studies for the planning or con-
trol of PV generation in distribution networks are those
related to the estimation of steady state voltage. Many of
the simplified models currently proposed focus on finding the
equivalent impedance of a collector system, which effectively
averages load/generation and consequently voltage across an
area [12], [14], [15]. As such, they cannot be used for the
computation of voltage extremes within each area and are
thus unsuitable for voltage impact studies at the LV level.
In [14] an approach is developed for the partial reduction
of branches in a network, predicated on the assumption of
fixed current, balanced loads and balanced line impedances.
While this approach has the key advantage of allowing volt-
age extrema and line losses to be computed at the buses of
interest, it still requires the use of an iterative power flow
solver.

The derivation, validation and application of a simplified
model forms the focus of this paper. Initialy the two-bus
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Fig. 1. Two-bus eguivalent model for an LV area.

model is presented, including the formulation of an analytic
expression for voltage rise across the network. An approach
is then described for reducing an LV distribution network of
arbitrary complexity to this two-bus form. The resulting model
is validated against a full quasi-steady state power flow using
the current-injection method, before being applied to an anal-
ysis of the utility of reactive power for managing overvoltage
issues.

Il. MODEL FORMULATION
A. Two-Bus Equivalent Model

The two-bus model (TBM) is comprised of three com-
ponents. a slack bus with a defined reference voltage, an
equivalent network impedance, and an aggregated load and
PV generation model. As shown in Fig. 1, bus By is the slack
bus, representing the connection of the grid at a fixed ref-
erence voltage V, with infinite short-circuit power. Bus By
connects the net generation or consumption to the grid through
an equivalent impedance.

The voltage V1 at the load and generation bus B; can
be expressed as a function of the reference voltage Vo, the
equivalent network impedance Z and the net complex injected
power .

*

Vi=Vo+Z- li=Vo+Z = 1
Vi=Vo+Z-l1=Vo+Z2 Vi @

&0

The voltage at the load and generation bus can be expressed
as V = Vi1/Vo, being defined relative to the reference bus.
Substituting for V1 in (1) yields,

V=1+2- %—2

0

Where the voltage V can be considered as the per-unit
vaue of Vi, while the other variables in the equation can be
expressed in either per-unit or physical values, as the base
changes will cancel out.

A simplified expression for V can subsequently be obtained
by defining a new variable « in terms of two key properties
of the network: the short-circuit ratio (SCR = S/S1) and the
angle delta (§ = ¢k — ¢1). In these expressions S is the short-
circuit power at bus B, S is the complex power injected
at Bj, ¢k is the total impedance angle and ¢1 is the complex
power angle.
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Fig. 2. Voltage profile for the two-bus model as a function of the short-circuit
ratio (SCR = S/S1) and the angle delta (§ = gk — ¢1)-

Substituting this new variable into (2) and multiplying
throughout by V * yields the simple equation,

VZ=V*ta (4)

This can be solved for V by splitting the real and imaginary
parts and applying the quadratic formulato each. The resulting
analytic solution for V is given by (5), and is expressed solely
in terms of the real ar and imaginary «; parts of «.

V =1/2+,/1/4— (af — ar) +jou ©)

From (3) it can be seen that ar and « are readily expressible
in terms of the complex power S = P +jQ and the network
impedance Z = R+ jX.

P.R+Q-X
ar = Re{a} = V—g
P.X-Q-R
o =Imig) = 2R ©)
Vo

The analytic solution of (5) can be visualized as a set of
contours, as shown in Fig. 2. These depict the voltage profile
of V asafunction of the short-circuit ratio (SCR = S/S;) and
the angle delta (8 = ¢k — ¢1). These plots show the influence
of different variables, including the level of PV generation S,
the generation power factor ¢; and the network characteristics
S and ¢k on the overall voltage impact in a way that is easy
to understand. In addition, they intimate the potential of dif-
ferent mitigation strategies such as active power curtailment
(reducing S) or reactive power injection for reducing over-
voltage. Note that the angle delta increases when the reactive
power injection increases as § = ¢k — (—¢1) = @k + @1.
While S is effectively the injected power, it could aso be
understood as the penetration level.

B. LV Area Smplification

A typical European-style distribution network LV area,
common to many countries, is comprised of a single three-
phase transformer supplying one or more feeders and a set
of attached loads, as shown in Fig. 3. Each feeder is made
up of multiple three-phase, four-wire line/cable sections and
may serve multiple customer types including residential, com-
mercia and/or industrial loads. Each load, and attached PV
generator, may be connected across the different phases and
neutral as a single or multiple phase system. The number of
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Fig. 4. Single line diagram of a path through an LV network area

customer units and the complexity of the network topology for
these LV network areas may vary widely across a distribution
network, ranging from a single to severa hundreds of units,
with a wide variety in the number of main feeders and lateral
branches.

Consider a single path through a radial LV area, running
from the distribution transformer to a single end bus, as shown
in Fig. 4. A single feeder may contain multiple paths if there
are a number of lateral branches. The voltage level at each
bus along this path depends on the impedance from it to
the slack bus By, and the total current flowing through those
impedances. Assuming a balanced scenario with equal PV
generation connected across all three phases at each bus, the
maximum voltage will occur at the end of each path. To
reduce the network to its equivalent two-bus representation, an
equivalent impedance can be found for each path that approx-
imates the maximum voltage at the end of that path under
these assumptions. The equivalent impedance that produces
the highest overvoltage for a given generation scenario is then
used to model the network.

The voltage difference between the end of the i" path and
the reference dack bus, Bp, can be expressed as the sum
of the individual voltage differences across each of the N;
impedances in that path, as in (7).

N;i

AV =Zylw+ D Zijhij @)
j=1

Where, Z,, is the per-phase series transformer impedance
referred to the LV side, 1, is the total current flowing through
the transformer, and Z; ; is the positive sequence impedance
of the cables or overhead lines connected to j bus in the it"
path. Note that if the grid is being modeled as a Thévenin
equivalent voltage source, then (7) must also include the volt-
age drop across the equivalent series impedance of the grid,
Zyiq, Teferred to the LV side of the transformer. In addition,
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the current |;; flowing through the impedance Z, ; is given
by the sum of al net currents injected down:iream Lpy; o
computed as the difference of PV generation and load con-
sumption, asin (8).

N;
i = ZI_PVi,k (8)

k=j

For example, the current flowing through the impedance Z; ;
isgivenby I; ; = IPV, L ey, o ey while for the
impedance Z; \ itisl;\ = IpVI

Given the unequal mrected current at each bus, a solution
to this equation is largely intractable using analytical meth-
ods, and thus a numerical power flow approach is commonly
adopted. However, for the purposes of developing an analytic
model for approximating the absolute maximum overvoltage
within a network area, a number of assumptions can be made.
Due to the limited geographic size of an LV area it can be
assumed that each PV generator is subject to the same irradi-
ance, at low temporal resolution. For the purposes of network
screening it can be assumed that, for a given penetration level,
the PV generators are uniformly distributed over the network
and across al three phases, with each generator having the
same rated output. Furthermore, as the key value of interest is
the maximum theoretical steady state voltage at times of peak
generation, the load variability across sites can be assumed
to be similar and the voltage dependence disregarded. With
these assumptions the results are only valid under balanced
conditions, with a corresponding level of accuracy. However,
this is considered sufficient for the purposes of pre-screening
and ranking networks for further analysis and more detailed
unbalanced studies.

Under these assumptions, the net injected current at each
bus can be assumed equal, and is given by the single time-
variant variable |. The voltage drop across a given branch can
subsequently be expressed in (9) in terms of the current | and
the number of power sources nj j injecting current downstream
of the j bus in the it path, similar to the concept described
in [16]. Note that this includes any power sources connected
on lateral branches off the main path.

Ni

AV~ Zyly + > Zi(mijl) )
j=1

In accordance with Kirchhoff’s current law, and under the
above assumptions, the current flowing through the trans
former |;, is equal to the sum of all Nita injected currents |.
Substituting the value for | into (9), a new expression can be
derived for AV; in terms of the total transformer current |,
and an equivalent impedance Z,.

A_Vi ~ (th Z—IJnU)

From (10), an equivalent impedance Zey (11) can be found
for each path in the network that approximates the maximum
voltage at the end of that path. This is analogous to the equiv-
alent sum-impedance presented in [17], although here (10)

10
Niotal (10

Fig. 5. Two-bus equivalent model of a full network after reduction.

accounts for all paths throughout the network and not only
a single feeder without laterals.

Zeq - _tx + (11)

Z—'Jn'l

The overal equivalent |mpedance Zy used to represent
the network is the one that, within the set of al path
impedances Zp, gives the maximum area voltage (V yeq max)
calculated using (5),

Z., = argmax Yarea,max

Zeg €Zp

« (12)

It is important to note that by this definition the equivalent
impedance Zg,, and in turn the path in which the maximum
voltage occurs, may vary across different power factor scenar-
iosin some cases. Although Z, can be approximated by using
the Zy, value with the maxrmum magnitude, this may lead to
aslrght increase in the error as discussed in the model valida
tion section. This is due to the fact that the voltage increase
also depends on the angle of the impedance.

To match the analytic form described earlier in the formu-
lation of the two-bus model, the total net injected power Spy
can be expressed as the sum of the power injected at each bus
S, such that Soy = ) §.

As evident in Fig. 5, the reduced LV area model is equiv-
dent to the two-bus model described earlier, and is thus
amenable to analysis with the same eguations (5-6) across
different scenarios of net injected power.

I1l. MODEL VALIDATION

The simplified equivalent model was validated using data
from a real distribution network comprised of 10,213 LV net-
work areas. Each area has a single 11/0.415 kV detawye
transformer, one or more feeders, and one or more attached
loads. The areas are connected to a grid with a short-circuit
power of 96.2 MVA and an X/R ratio of 7. Table | presents an
overview of the DN using a set of statistical metrics to sum-
marize a range of network characteristics. For these metrics
the total impedance and short-circuit power have been calcu-
lated considering: the Thévenin equivalent impedance of the
grid, and the impedances of the transformer, lines/cables and
service mains. The diversity and number of LV networks con-
sidered allows for a good estimate to be obtained regarding the
error and performance that can be expected using the model
in similar networks.



TABLE |
DISTRIBUTION NETWORK STATISTICS

Percentiles
Units pl p10 p25 p50 p75 p95 p99  pl100
Transformer rating (Stz) kVA 7.5 15 30 50 300 500 1000 1500
Number of loads - 1 1 1 3 24 84 127 347
Equivalent impedance magnitude (Zeq) Q 0.0175 0.0346 0.0474 0.0683 0.177 0301 145 196 298
Equivalent impedance angle (py,) Degrees 21.5 27.6 28.7 36.1 40.7 51.3 56.2 635 74.1
R/X ratio - 0.498 0.67 0.754 0.801 1.16 1.37 191 254  6.26
Zegl Zia p.u. 1.01 1.03 1.03 1.08 1.21 217 392 556 19.4
Short-circuit power (Si") MVA 0.0878  0.119 0.242 0572 0973 252 498 9.86 16.8
Sk/Sta p.u. 4.00 5.88 7.27 10.7 16.0 193 206 207 217

1 Seen from the generation/load bus, thus including transformer, line/cable and service mains impedances

A. Validation Methodology

For each of the 10,213 LV areas described above, a full
quasi-steady state three-phase power flow simulation was car-
ried out for one summer month with a tempora resolution of
10 minutes. The simulation process was repeated for 12 dif-
ferent scenarios, encompassing 4 different penetration levels
(20, 30, 50 and 100%) defined as the total installed PV capac-
ity in the area as a percentage of the transformer rating,
and 3 different generation power factors (1, 0.95 and 0.9
underexcited). The total installed capacity was divided equally
between all PV generation sites, as shown in Fig. 3.

The PV generation at each site was subsequently computed
using the rated PV generator capacity and real irradiance data
from a local pyranometer within the network. A simplified
linear version of the PVUSA AC rating method, as described
in [18], was used to convert irradiance values into per-unit
power values, in which only the dependency of output power
on irradiance was considered. The irradiance data was normal-
ized and a typical conversion factor of 97% for PV systems
was applied.

To quantify the error introduced by the assumption in the
model formulation that the loads have similar variability with
respect to both time and voltage, two contrasting cases were
simulated. In thefirst case, the load at each site was set to zero,
with no temporal or voltage dependence, so as to estimate the
theoretical absolute maximum voltage. In the second case, the
impacts of both the temporal and voltage characteristics of
residential loads were analyzed.

In the more detailed case the validation was carried out
on a subset of 3089 of the networks containing only res-
idential loads. The load profile for each site was selected
randomly from a database of 2214 load profiles over 1 year
from smart meters within the same network. The load itself
was modeled such that the consumed current is dependent on
the applied voltage in accordance with the commonly used
static polynomial ZIP mode [19]. The coefficients selected
for the ZIP model were assumed constant, with active power
coefficients (Z, = 0.51, Ip = 0.04, P, = 0.45) and reac-
tive power coefficients (Zg = 0.96, Ilg = —057, Pq =
0.60) based on average residentia values from [20], and
a displacement power factor of 0.97. The ZIP coefficients
describe the nature of different appliance types within the
load profile - for example, water heating loads are constant
impedance.

Al LV Areas

Single LV Area Single LV Area N AlILV Areas Percentiles

across
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Fig. 6. Methodology for computing the simplified model error across time
and for al LV networks. (@) Model error for a single LV area. (b) Percentile
error across time for a single LV area. (c) Percentile error across time for all
LV areas. (d) Percentile error across time and LV areas.

The maximum voltage magnitude, hereafter referred to as
the voltage, at each instance in time was then compared with
that estimated using the two-bus model. To obtain a useful
comparison across time and for all of the LV networks, per-
centiles were computed along both dimensions as outlined in
Fig. 6. First, the model error was computed every 10 minutes
for each LV network by calculating the difference between
the maximum voltage calculated using the full and simplified
models respectively. The temporal dimension was then reduced
by computing the percentile error across time. Finaly, the per-
centile errors for all LV networks were collected and a second
percentile computed across all of the aress.

B. Validation Results

The resulting error between the full power flow simulation
and the simplified two-bus model with no load and with load
are shown in Fig. 7 and Fig. 8 respectively for the 30% and
100% penetration level scenarios. The vertical axis of each
subplot shows the percentage error in maximum voltage cal-
culated, while the horizontal axis shows the percentiles across
time. Each of the curves corresponds to a percentile computed
across al LV network aress.

In Fig. 7 it can be seen that for the no load case, as the
penetration level is increased or the power factor is decreased,
the error between the full and simplified models increases. In
general, for low penetration levels the simplified model will
dlightly overestimate the maximum voltage, thus providing
a conservative measure of the impacts. Across al scenarios
the absolute error in the estimated maximum voltage never
exceeds 0.5% at any point in time for 99% of the areas.
Significantly smaller error bounds can be obtained by con-
sidering only a subset of time values or less complex network
areas.
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Fig. 7. Error between the full power flow simulation and the simplified
two-bus model across time for all LV networks with only PV generation and
no load, as a function of penetration levels and underexcited power factors.
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Fig. 8. Error between the full power flow simulation and the TBM across

time for residential LV networks with PV generation and load, for 0.9 power
factor.

Furthermore in Fig. 8 for the case with load in residential
networks, at high penetration levels similar error performance
can be observed due to the generation dominating. However,
at lower penetration levels a higher error level occurs, but
remains within the same 0.5% error bounds. Subsequently, it
can be concluded that the simplified model performs well with
realistic generation and load time series across multiple power
factor and penetration level scenarios.

The maximum permissible voltage deviation for LV net-
works may be defined in terms of an absolute voltage
magnitude limit, for example 230 V nomina +/-10% as in
IEC 60038 [21]. Alternatively, it may be defined relative to
the operating voltage of the LV network without power flow-
ing, for example a maximum voltage change of 3% as in
VDE-AR-N 4105 [22]. The advantage of the latter approach is
that it is independent of the operating point of the transformer
taps, which may vary across networks.

For the distribution network considered, the nominal volt-
age is 230 V. The transformers are operated with a fixed
tap at 415 V phaseto-phase, or 239.6 V phase-to-neutra
(230 V + 4%). This is done by DSOs in some countries to
account for the voltage drop aong feeders due to loads.

To quantify the overvoltage due to PV generation the
maximum voltage criteria was used. Two limits were
considered: 3% and 6% relative to the operating voltage
(239.6 V), corresponding to 246.8 V (230 V + 7%) and 254 V
(230 V + 10.4%) respectively. To simplify interpretation of
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Fig. 10. Percentage of areas (with absolute number in parenthesis) that have
an error above 0.3%, grouped by transformer rating and number of loads.

the results, the overvoltage values are defined on a per unit
basis relative to the operating voltage, such that 1 p.u. cor-
responds to 239.6 V, 1.03 p.u. corresponds to 246.8 V and
1.06 p.u corresponds to 254 V.

The acceptable error in the model was deemed to be 10%
of the maximum 3% deviation, corresponding to a maximum
absolute error bound of 0.3%. In Fig. 9 it can be seen that for
the scenario with the highest error levels (100% penetration
and 0.9 power factor), 96.3% of the areas fall within this error
bound for all time values.

C. Criteria for Using the Smplified Model

For the DN under study, the correlation between the model
error and network characteristics was investigated. All of the
areas with a maximum absolute error exceeding the bound of
0.3% at any time for the 100% penetration level and 0.9 power
factor were grouped based on the corresponding transformer
rating and number of loads/generators. As evident in Fig. 10,
as the size and complexity of the network increases, with an
increase in the transformer rating and load count, so too does
the degree of error in the model. Thus, while the simplified
model has very good performance for small to medium areas,
for larger areas it may prove more convenient and reliable to
use a detailed network model.

Unfortunately, it is not possible to define a perfect rule for
when the simplified model may be used with an acceptable
error level using readily observable network characteristics
such as load count. If it proves necessary to exactly define
the error bounds of the simplified model for analyzing a spe-
cific DN, then the results of the model can be compared with
those of afull power flow solver for a single conservative case.



Subsequently, the model may safely be applied to the DN for
multiple time series and scenarios.

D. Computation Time

The simplified approach was observed to be over two-orders
of magnitude faster than the current injection method during
the validation process. All simulations were run on a single
2.7 GHz core of a workstation utilizing 16 GB of RAM. The
full approach required approximately 12.3 hours to run all sce-
narios while the simplified approach required only 1.5 minutes,
without the need for power flow software. While these tim-
ings depend heavily on the computer hardware used and the
software implementation of the algorithms, they indicate the
order of the speedup that would be observed in practice. This
increase in speed is particularly valuable when simulating inte-
grated MV to LV level models, and running a large number
of scenarios for planning purposes.

IV. CASE STuDY

The analysis of mitigation measures to limit the voltage rise
has been presented in multiple studies as in [23] and [24]. To
demonstrate the utility of the simplified model, a case study
was developed for the described DN in which the effectiveness
of using reactive power to mitigate overvoltage was anayzed.
For each area, the calculated equivalent impedance was used to
find the corresponding short-circuit ratio (SCR) and delta (§)
properties given the 12 scenarios of PV penetration and power
factor. The models and assumptions regarding generation and
load are consistent with those used during validation.

These results were plotted against the voltage profile for
the two-bus model, showing the maximum per unit voltage
estimated for each area and for each scenario as in Fig. 2.
Each of the 10,213 points corresponds to one of the modeled
areas, while the heat map shading corresponds to the density
of points in that region.

In Fig. 11 it can be seen that overvoltage values V above
1.03 p.u. and 1.06 p.u. are very rare for low penetration levels
such as 10%, while for penetration levels of 100% most of
the areas show overvoltage. When PV sources absorb reac-
tive power, the voltage level always becomes smaller. As the
underexcited power factor is changed to 0.95 and 0.9, each
area, as indicated by a dot, is shifted horizontally by a factor
equal to the arccosine of the power factor, or 18.2 and 28.8
degrees respectively. However, the effect of this shift and the
corresponding reactive power absorption ultimately depends
on the starting position of the area. For those areas with an
overvoltage above 1.03 p.u. or 1.06 p.u., and with alow start-
ing delta value (low ¢), the dots will move nearly parallel to
the voltage contours, thus resulting in a small voltage reduc-
tion. Alternatively, for areas with high starting delta values
(high ¢x) a smal amount of reactive power will allow for a
significant voltage reduction.

Despite the common belief that providing PV inverters with
feasible reactive power capability will eliminate overvoltage
issues, its effectiveness at mitigating overvoltage in LV areas
cannot be assumed. As shown in Fig. 11 and in Table I1, given
a conservative overvoltage bound of 1.03 p.u., for moderate
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Fig. 11. Comparison of overvoltage impact for different penetration levels

(30 and 100%) and power factors (1 and 0.90 inductive). Each dot represents
one of the 10,213 LV areas, with the background shading corresponding to
the density of points in that region.

TABLE Il
OVERVOLTAGE PERCENTILES AS A FUNCTION OF THE
GENERATION PENETRATION LEVEL AND
POWER FACTOR

. . Power Factor
Penetration Level | Percentiles 1 0.95 0.9
p5 1.009 1.005 1.003
p50 1.014  1.010 1.008
30 P75 1.023 1.017 1.014
p95 1.043 1.034 1.029
p99 1.064 ~ 1.052 1.045
p100 1.197 1.174  1.158
p5 1.014  1.008  1.005
p50 1.023 1.016 1.013
50 p75 1.037 1.028 1.023
p9s5 1.069 1.054 1.047
p99 1.103  1.083 1.072
p100 1.302  1.265 1.239
p5 1.028 1.015 1.008
p50 1.046 1.032 1.025
100 P75 1.071 = 1.053 1.045
p95 1.130  1.102  1.087
P99 1.190 1.151 1.132
p100 1.516 1446 1.397

* Values higher than 1.03 p.u. or 1.06 p.u. are shown shaded.

penetration levels up to 30% there is no need to provide reac-
tive power capability. At these levels, approximately 90% and
99% of the areas have no overvoltage above 1.03 p.u. and
1.06 p.u. respectively.

Alternatively, for extremely high penetration levels the
effect of operating the inverter with an underexcited power
factor of 0.9 does not seem to fully mitigate the problem for
either the 1.03 p.u. or 1.06 p.u. overvoltage limits. More than
50% of the areas would still have overvoltage above 1.03 p.u.,
and more than 25% overvoltage above 1.06 p.u. with this
power factor. Only an extra 25% would enter the zone with
an overvoltage less than 1.03 p.u., and 15% an overvoltage
less than 1.06 p.u.. Furthermore, for intermediate penetration
levels, only a small percentage of areas would be below the
bound levels due to the reactive power absorption.
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V. CONCLUSION

An approach has been proposed for reducing an LV network
area to a two-bus model, which can be used for estimating the
overvoltage impact due to PV across a distribution network.
This model can be used by DSOs' planners for screening and
ranking those networks in which overvoltage is expected to
occur, and thus require further, more detailed analysis. In turn,
this allows networks to be prioritized for which more detailed
data should be collected, and full power flow models created
and run. Such power flow simulations should, in most cases,
consider the impact of network unbalance and the alocation
of generation/loads.

Furthermore, it could aso be of considerable benefit for
running multiple probabilistic scenarios and analyzing time-
dependent behavior in an integrated MV to LV level model.
Such amodel could utilize the simplified LV approach in place
of some of the fully detailed versions so as to reduce the
overall computational complexity. In addition, it facilitates a
better understanding of the influence that different variables
have on overvoltage.

The accuracy of the model has been analyzed using data
from areal distribution network comprising 10,213 LV areas.
It has been shown that approximately 96% of the areas could
be accurately modeled using the simplified model, with less
than a 0.3% maximum absolute error in the estimated over-
voltage values under balanced conditions with no load. When
the effect of load was incorporated for a large subset of
areas containing only residential loads, the error increased
dightly, predominantly at low and medium penetration
levels.

Finally, the model has been applied to investigate the ben-
efits of reactive power injection across an entire distribution
network. It has been shown that using only reactive power
injection in this network has a limited effect on overall over-
voltage levels and the number of non-compliant areas. Thus,
it is difficult to justify using measures that only impose
reactive power capabilities, without a broader consideration
of other methods such as active power control/limitation
which could also be investigated with the proposed model.
Analogous results are expected for similar distribution
networks.
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