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Abstract—This paper proposes a methodology to assess the
influence of transformer rated power on the power quality indices
at low voltage residential networks. Taking into account the
stochastic nature of residential loads and the possibility of photo-
voltaic generation, a Monte-Carlo simulation is performed in
order to account for the probabilistic aspects of the problem.

In this work, different transformer ratings are simulated and
the effect on power quality parameters, such as voltage unbalance
and voltage total harmonic distortion (THD), is calculated under
probabilistic basis. These power quality indices are compared to
the compliance limits proposed in standard EN50160.

The work proposed in this paper allows predicting power
quality affection caused by changes in the ratio between trans-
former rated power and network aggregated demand, as well as
establishing general conclusions regarding desirable transformer
size in order to not to exceed power quality limits.

Index Terms—Distribution Transformer, EN50160, Power
Quality, Probabilistic Assessment, Residential Network, THD,
Unbalance.

I. INTRODUCTION

The next generation grid is very different from the grid of
today and the past. Nowadays, and even more in the future,
power comes from distributed sources that are frequently
integrated in the network by means of electronic converters,
such as photovoltaic generation (PV). On the load side, there is
an increasing use of power electronics-based loads with non-
traditional consumption patterns [1]. In this scenario, there is
a potential threat that power quality (PQ) can be degraded by
the mass adoption of these new technologies [2]. For instance,
harmonics are one of the most concerning disturbances in
residential networks since power electronic based devices
connected in domestic environments produce non sinusoidal
currents [1]. On the other hand, residential loads also involve
high level of uncertainties as well as PV generation which
is characterized by a stochastic behaviour. Consequently, in
order to assess the impact of these technologies, deterministic
formulations are not representative of the true performance
of the distribution system and the uncertainty associated with
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input data must be accounted for [3]. This paper aims to
evaluate PQ voltage levels of future distribution networks with
increasing participation of nonlinear loads and PV distributed
generation by using a probabilistic approach in order to
take into account the uncertainties related to the random
performance and allocation of loads and PV generation. This
work allows predicting the impact on power quality caused by
changes in transformer rated power and network aggregated
demand ratio, as well as establishing general conclusions
regarding desirable transformer size in order to not to exceed
power quality limits established in standard EN50160 [4].

Very frequently, power quality assessment in distribution
networks has been analyzed in a deterministic way [5], [6].
In [7], [8], a probabilistic study of low voltage networks is
proposed but PQ disturbances are not considered. Harmonic
distortion is analyzed probabilisticaly in [9]-[12] but the effect
of transformer rating on the obtained results is not analysed.

The method proposed here focuses on the probabilistic
assessment of harmonic voltage distortion for a Low Voltage
(LV) residential distribution network. The transformer rating
is a key aspect on the levels of PQ indices and, therefore, it
has a definitive impact on the compliance of PQ limits.

The methodology proposed in this work can be extended for
assessing the impact of other technologies that may degrade
power quality and even for different power quality distur-
bances.

II. METHODOLOGY

In order to take into account the uncertain behaviour of
devices connected to distribution network, a probabilistic
approach based on Monte Carlo method is used for the
assessment of PQ impact. Output results are compared to the
limits specified in international standards and, in particular, in
standard EN50160 [4].

The applied methodology is described in the following
subsections.

A. Residential Loads Profiles and PV generation

Stochastic Residential weekly demand and PV generation
are simulated with the tool provided in [13], based on Markov
chains [14]. This tool generates stochastic active power profiles



from a certain number of dwellings by computing load demand
of typical domestic devices and statistics on their use. Profiles
depend on number of occupants per residence, meteorological
data or building size, among others.

Standard EN50160 requires a resolution of 10 minutes,
so the power demand and generation estimated with [13] is
averaged to meet this condition [9].

The number of occupants per residence required by the
model in order to generate domestic demand curves is ex-
tracted from Spanish statistics and forecasts [15] for 2030.

In order to randomize the process, a set of 100 weekly
load profiles have been generated for three occupancy levels
(few, many and average occupants) and for winter period
where demand is higher and PQ disturbances can reach higher
severity levels [9]. An example of a residential load curve is
shown in Fig. 1 for a randomly selected week of the pool.
According to the simulated occupancy level, in each simulation
a weekly load profile from the appropriate pool is randomly
selected for each residence.
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Fig. 1. Mean weekly aggregated load and PV generation profile for 55
residences.

B. Harmonic Analysis

By 2030, 60% of residential loads are supposed to be
nonlinear [1]. In this work, the harmonic emission of non
linear loads is estimated by means of [3], [16]. According
to this approach, harmonic spectrum of aggregated residential
profiles follows a distribution with two load types (loads type
a and loads type b) whose participation in the total load is
obtained from a normal distribution with mean and typical
standard deviation that vary depending on the time of the day
as shown in Table I. Table II shows the limit interval values
for uniform probability distribution of the harmonic magnitude
and phase of both types of loads.

TABLE 1
WEIGHTED CONTRIBUTION OF EACH OF THE HARMONIC TYPE [3]

Period (hrs) fa fo
m o m o

8:00 - 18:00 | 0.1 0.03 0.9 0.3
18:00 - 8:00 | 0.6 0.2 04 | 0.12

PV harmonic emission has been modelled according to
harmonic spectrum provided in [17].

For the voltage harmonic assessment, residential loads and
PV devices are modelled as constant P and @ for the funda-
mental frequency. Loads at harmonic frequencies are modelled
as Norton equivalent, as proposed in [18] and [19].

TABLE II
HARMONIC SPECTRUM FOR RESIDENTIAL LOADS [3]

Harmonic current spectrum for residential loads
Harmonic order Type a Type b
3rd Mag [%)] 10 - 20 50 - 70
Phase [°] | 230 - 290 120 - 180
5th Mag [%)] 5-10 40 - 60
Phase [°] 90 - 150 200 - 260
Tth Mag [%] 2-4 30 - 40
Phase [°] | 40 - (-10) 200 - 260

C. Methodology for PQ Assessment

The process to assess PQ follows the following steps:

1) Generation of weekly stochastic power demand profiles
for residential loads.

2) Random allocation of load profiles to network buses.

3) Calculation of PV generated power profile.

4) Assessment of unbalance and voltage harmonic levels
obtained by means of harmonic injection caused by
nonlinear loads and PV generation.

5) Calculation of PQ indices according to EN50160.

6) Steps 2) - 5) are repeated numerous times in the Monte
Carlo simulation in order to get probabilistic assessment
of PQ harmonic indices. In this study, 160 simulations
have been performed.

In addition, this process has been performed for several
scenarios with different values of rated power of the main
substation transformer in order to assess the influence of this
parameter on PQ levels.

D. Simulation Characteristics

As it has been previously explained, 160 weeks have been
simulated for each value of selected transformer rated power.
Each simulation consists on a power flow and a harmonic
propagation analysis, both performed with the power system
simulator OpenDSS [20]. This tool is a distribution system
simulators suitable for studies like performed here. Besides
this, OpenDSS allows interaction with Matlab, where random
input data, control of different simulations in Monte-Carlo
methodology and result acquisition and analyse has been done.

III. SIMULATION FRAMEWORK

This study is applied to IEEE European low voltage (LV)
test feeder [21]. IEEE European LV test feeder represents a
distribution system and is based on European typical distribu-
tion grids. This means that it has fundamental frequency of 50
Hz and a radial configuration, as shown in the simplified one-
line diagram in Fig. 2. The network is composed of 906 buses
and 55 single-phase residential loads, allocated to a phase
of the system. Each load represents an individual domestic
consumer.

The feeder is connected to medium voltage by a Dy 800
kVA transformer substation that steps the voltage down from
11 kV to 416 V. This transformer is over-rated when compared
to power demand of the specified loads, . The average aggre-
gated power of the loads is 64 kVA according to the network



Fig. 2. One-line diagram of the LV European test feeder.

specifications. In this paper, demand power is obtained for
each week as described in section II-A. Fig. 3 shows the
frequency distribution of demanded aggregated power in all
the simulated weeks. The mean value of aggregated apparent
power is 182.5 kVA, and 90% of demanded power values are
between 120.9 and 233.8 kVA.
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Fig. 3. Aggregated apparent power demand for residences in network.

IV. RESULTS

The simulations carried out allow obtaining the voltage at
fundamental frequency and at harmonic frequencies for all
network buses and for each 10 minutes interval of every
simulated week, that is, 1008 values are obtained per week.
With these values, the 95" percentiles of each week can be
calculated and compared with EN50160 stated limits. Since
160 weeks are simulated, compliance with standard thresholds
can be established under probabilistic basis. This process has
been repeated for different rated power values of the main
transformer, ranging between 80 and 800 kVA (in steps of 10%
rated power) in order to assess the influence of this parameter.

A. Unbalance

Unbalance problems appear when a residential consumer ex-
periences voltage unbalance levels that exceed the established
limit, in this case, when the unbalance ratio at its connection
point is over 2% during more than 5% of the time of the week.
Figure 4 shows the boxplot with the percentage of clients
of the whole network that experience unbalance problems in
the simulated weeks when different transformer ratings are
assumed for the main transformer of the feeder. In the lower

horizontal axis the kVA rating of the transformer is shown
while the upper horizontal axis shows the ratio between the
transformer rating and the mean demanded power. As it can be
seen, when transformer rated power is slightly above average
demand (Stransformer/Sdemanded = 1.36) the percentage of
clients with problems starts to be a matter of concern.
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Fig. 4. Number of clients suffering from unbalance problems with different
transformer ratings.

The assessment of the percentage of clients suffering from
unbalance problems can hide the real variation of unbalance
levels with transformer rating, because all values above the
limit are considered as an exceedance problem without con-
sideration of their severity. To overcome this limitation of the
analysis, Fig. 5 shows the mean, maximum, minimum and
median value of 95" percentile of unbalance at the farthest
bus from substation (bus 53), considering the 160 simulated
weeks. In this figure, a strong elbow can be seen around
Stransformer/Sdemandea = 0.92. Decreasing transformer
power rating below this value produces a severe increase in
the unbalance levels. In any case, in all simulations percentile
95! is above limits at some weeks.
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Fig. 5. 95" percentile of unbalance at bus 53.

Considering 160 simulations for each transformer rating
provides a close estimation of the range of variability of reality,
as Monte-Carlo method assumes. Therefore, the probability of
exceeding standard limits in a certain week can be addressed.
This result is showed in Fig. 6 for unbalance. The same
elbow as the one shown in previous figure is depicted here,
indicating that a reduction of the transformer rating below the



average demanded power almost triplicates the probability of
unbalance problems.
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Fig. 6. Probability of unbalance problems for different transformer ratings.

B. Harmonics

A similar assessment can be done for voltage harmonics.
In this case, the analysis is focused on THD, whose limit
is established in 8% by EN50160. In Fig. 7 the number of
clients experiencing THD problems is plotted for different
transformer rated powers. That is, the figure shows the per-
centage of clients with THD over 8% during more than 5% of
the time in the simulated weeks. Results on the two smallest
transformers simulated (80 and 160 kVA) show that all clients
experience THD values over the limit in all the weeks. Again,
looking only at the number of clients with problems might be
masking details on the extent of the severity.

In Fig. 8, the maximum, minimum, mean and median 95th
THD percentile values are shown for all the simulated weeks
at the farthest node from the substation (bus 53). At this bus,
with low short circuit power, all simulated weeks exceed the
EN50160 THD limit.

The trend shown in Fig. 8 is not the same for all buses in the
network. Fig. 9 shows the same analysis at the secondary of the
main transformer. In this case limit outstripping is noticeable
when transformer rated power is only around 1.25 average
demanded load. If rated power decreases below this limit, THD
is exceeded in all the simulated weeks. Buses in the network
placed between the secondary of the main transformer and the
farthest bus 53 have intermediate situations.

In the same way as it was summarized for unbalance, Fig. 10
shows the probability of exceeding THD limits in the whole
network. Here, a quick increase in probability of problems
starts when the transformer power is below 2.25 times average
demanded power. With transformer rating around the power
demanded by the loads at network, THD problem probability
is 100%.

It is important to bear in mind that in real networks, very
frequently, the function of the rated 800 kVA transformer is
allocated to two parallel 400 kVA transformers, to fulfil with
n + 1 requirements [22]. In this case, a scenario with just a
400 kVA transformer can occur whenever one transformer is
under maintenance. In this situation, the network is not strong
enough to assure the same level of THD, and an increase on
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Fig. 7. Number of clients suffering from THD problems with different
transformer ratings.
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demanded power or a de-rating of transformer can lead to
severe PQ limit violations.

V. CONCLUSION

In this paper, a method for the assessment of power quality
in a low voltage distribution network has been presented,
focusing on the influence of the distribution transformer rated
power on unbalance and THD. Results are compared to
standard limits established in EN50160.

A Monte-Carlo methodology has been applied in order
to take into account the uncertain nature of loads. Different
simulations for different rated powers of transformers have
been tested for the same loads. This methodology allows the
prediction of power quality indices if transformer rated power
is reduced, but is also suitable for foreseeing what would
happen if the load increases.

Finally, a reduction of transformer rated power produces
a predictable increase on THD and unbalance. Simulations in
this work show that this increase is not linear with transformer
rated power, but it shows an elbow at some point around
Stransformer/Sdemandea = 1.5. For THD, a saturation is
found when transformer is only about 0.9 times the demanded
power, resulting on a 100% probability of violating limits.

The methodology proposed can be easily extended to other
distribution networks and, also, to different PQ disturbances.
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