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Abstract: The subject of this study was a distribution substation that feeds 14 fast DC chargers
(80 kW) located at the bus depot in Lublin, Poland. The voltage variations were determined to be
within the PN-EN 50160 standard limit values (±10% Un). There were several events registered when
4th, 6th, 8th, and 10th voltage harmonics were above the PN-EN 50160 limit during the charging
of the electric buses. The obtained maximum 10 min average values of the total voltage harmonic
distortion (THD) were 3.36%, 2.27%, and 2.89% for the first, second, and third phase, respectively,
i.e., below the limit value of 8% required by PN-EN 50160. Due to the exceedance of the 6th voltage
harmonic, the PN-EN 50160 requirements were not met.

Keywords: electric buses; electromobility; electric vehicle charging; fast charging; public transport;
power quality; harmonic distortion

1. Introduction

Electric buses provide numerous benefits, the most notable of which is the reduction
in air pollution levels. Using electric buses also provides a reduction in noise emissions
and improvements in the comfort of transportation in cities. Electric buses do not produce
environmentally harmful exhaust fumes and emit much less noise than conventional
buses [1–4].

According to the Polish Alternative Fuels Association (PSPA) [5], as of the last day of
2021, Polish cities had a fleet of 615 city buses. This is about 5.2% of all vehicles of this type
in Poland. More than half (54.1%) of all electric buses registered in Poland were part of
fleets operating in cities with more than 300,000 residents, i.e., in Warsaw, Kraków, Poznań,
Szczecin, Bydgoszcz, and Lublin [6].

In 2021, for the first time in Poland’s history, there were more registrations of new
electric buses (36%) than those with diesel engines (35%). In terms of the number of newly
registered electric buses, Poland took 5th place in Europe (Denmark, France, Great Britain,
and Germany took higher positions). At the end of April 2022, there were 721 electric buses
registered in Poland [5]. All indications are that 2022 will be another year in which the
number of electric buses will increase.

In Poland, there are currently 520 charging stations in use for electric buses, which
provide more than 70 MW of power in more than 50 cities. In this category, the leader is in-
variably Ekoenergetyka-Polska, company from Zielona Góra, which launched 437 charging
stations, with a total capacity of 61 MW. Further spots on the podium belong to: Medcom
(16%–85 charging stations) and Enika (3%–13 charging stations) [7].

The charging of electric vehicles requires the use of non-linear power electronic devices.
Current harmonics are injected into the distribution grid during the operation of a fast
charger, which might affect other power quality parameters [8–11]. Current and voltage
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harmonics might cause power losses [12,13]. The resulting voltage distortion depends
on the parameters of the power system; however, the current distortion depends on the
individual characteristics of the device. Malfunctions and damages of some devices might
originate from other devices generating harmonics (such as fast chargers). Management
algorithm and topology of a fast charger, as well as neighboring electric bus chargers and
other non-linear loads, are able to influence the current harmonic emissions. Damage
to generators and turbine shafts, transformers, neutral wires and motor overheating, un-
wanted tripping of circuit breakers, capacitor overloading, and system resonation are all
impacts of current harmonic distortions [14–17].

With the growing popularity of electric buses, their impact on power systems is
receiving more attention. The studies are mostly based on computational simulations. In
the research of [18], an analysis of the impact electric bus charging on urban distribution
grids was provided. According to the findings, typical European cities are expected to be
capable of integrating a large number of electric bus chargers into their medium voltage
distribution network. Leou et al. [19] built the stochastic harmonic analysis model and
usage scenario model. The analyzed distribution system started to have voltage events due
to the increasing number of chargers; however, current and voltage harmonic levels were
acceptable. The scheduling of electric bus charging and its impact on the power system
was analyzed in [20,21].

There are a few papers where the impact of electric bus charging was investigated,
considering the data obtained from the actual measurements. Thiringer and Haghbin [22]
examined the impact of electric buses on power quality parameters. The study showed
that the harmonic emission was within the acceptable limits, in spite of the high amount of
low-frequency harmonics. The impact of 11 electric bus chargers was discussed in the study
by [23]. Power quality parameters, including voltage flickers, harmonic distortion, and
voltage imbalance, met the grid code requirements. The effect of implementing an electric
bus fleet in Warsaw was examined by Zagrajek et al. [24]. The results showed that power
quality parameters were within the limits of the EN 50160 standard. In the work of [25],
the impact of pantograph charging and fast charging on power quality parameters was
presented. The power quality parameters were also compliant with the EN 50160 standard.
According to the research, while more than one charger was in operation, the harmonic
currents were of an additive nature, to some degree.

The purpose of this paper is to identify and analyze the impact of electric bus charging
on power quality parameters.

2. Materials and Methods

The research focused on a distribution substation that supplies 14 fast electric bus
chargers of the same type at the bus depot at Grygowa Street in Lublin, Poland (Figure 1).
The bus depot has a 1600 kVA 15.75/0.42 kV Dyn5 transformer that is connected to the
15.75 kV medium voltage grid (Figure 2). The stationary DC charging station is designed to
charge electric buses equipped with a Combo-2 charging connector (Type 2; Mode 4). The
charging station is built on the basis of high-frequency converter circuits, which serve as
a regulated current-voltage source with the possibility of direct communication with the
electric bus’s battery management system. The unit has 2 outputs, providing the possibility
of charging two buses simultaneously, with a maximum output of 40 kW using both
connectors, and the possibility of charging with the full charger output, i.e., a maximum
of 80 kW when using one connector. The electric bus fleet in Lublin consists of 31 Solaris
Urbino 12 electric buses (IV generation) that are equipped with traction batteries with a
capacity of 116 kWh (4 × 29 kWh) made using lithium-titanium-oxide (LTO) technology.
The minimum range of this type of electric bus is approximately 90 km.
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Figure 1. The view of (a) the bus depot and dedicated substation at the Grygowa Street; (b) Solaris
Urbino Electric 12 electric bus being charged with the fast charger.

Figure 2. Power quality measurement points and electric bus chargers connected at the transformer.

Power quality measurements were taken throughout the week and 3 days later during
one charging process using an IEC 61000-4-30:2015 class A power quality analyzer, Sonel
PQM-711 with Sonel F-2 Rogowski coils. The data aggregation interval was set to 150 cycles
(3 s; nominal frequency of 50 Hz) for the whole week, and 10 cycles (200 ms; nominal
frequency of 50 Hz) for one charging process so as to be able to analyze current harmonics
emission in accordance with the IEEE 519 standard. The data stored in the analyzer was
imported with Sonel Analysis 4.5.0 software. The results were then aggregated (averaged)
to approximately 10 min intervals; therefore, 1010 cycles and 6 samples of average values
for the whole week and one charging process, respectively, were obtained.

Standard documents considered in the power quality analysis are [26–29]:

• The Regulation of the Minister of Economy of 4 May 2007 on the detailed conditions
for the operation of the power system (hereafter referred as the Regulation)—the funda-
mental document in Poland′s procedure of analyzing power quality for low, medium,
and high voltage public power networks, with the last update in 2020;

• PN-EN 50160:2010—a subordinate document to the Regulation and in line with its
requirements. This document introduces European standard EN 50160 in Poland. In
2015 and 2019 the PN-EN 50160 standard was updated and the requirements were
tightened for Norway; however, as the Regulation in Poland has not been updated
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and it is the paramount of importance, the results will be analyzed in accordance with
the 2010 version of PN-EN 50160;

• IEEE 519—contains recommendation for current distortion limits. It is not normative
in Europe. The IEC 61851-21-2 standard [30] declares the use of national standards for
current harmonic analysis for chargers with currents higher than 75 A (which is the
case for fast and super-fast electric bus chargers); however, such a standard does not
exist in Poland.

The following criteria were taken into account in analysis of the power quality parameters:

• Frequency variation,
• Voltage variation,
• Voltage asymmetry,
• Total harmonic distortion of voltage,
• Short-term and long-term flicker severity,
• Voltage and current harmonics.

3. Results and Discussion

The weekly total power demand profile (Figure 3) shows that a maximum of 10 chargers
were used simultaneously on the first day of measurements. The fast chargers were mostly
in operation after the rush hours. The highest number of devices using the chargers each
day was noted after the morning rush hours. The number of buses being charged was not
monitored.

Figure 3. Weekly total active and reactive power demand profile (data aggregation interval: 150 cycles).

Figure 4 shows the total active and reactive power demand profile during one charging
cycle (from 22% to 100% state of charge) of a Solaris Urbino 12 electric bus. The momentary
power drop was due to the attempt of electric bus driver to charge an additional bus with
the same charger. Nevertheless, the charging of the second bus did not start due to an error
in the charger′s software. The charging of the fist bus continued until being fully charged,
which took approximately 1 h. Other electric buses were being charged at the bus depot
during the measurement process.
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Figure 4. Power demand profile during one charging cycle (data aggregation interval: 50 cycles).

3.1. Power Frequency

The values of the power frequency were aggregated every 450 cycles (approximately
9 s). The power frequency during the whole week remained within the PN-EN 50160:2010
limits. The 95th percentile of the mean value of the power frequency was 50.03 Hz. The
mean value of the power frequency for the entire measurement period was 49.99 Hz. The
maximum and minimum values of the average values dataset were 50.1 Hz and 49.86 Hz,
respectively. Figure 5 presents power frequency variation during the measurement week.

Figure 5. Power frequency variation during the measurement week; colored lines indicate the limits.

The power frequency recorded during the charging process of the electric bus also did
not exceed the limits of PN-EN 50160:2010. The mean value of the power frequency was
50 Hz and the 95th percentile of the mean value was 50.02 Hz.

3.2. Phase Voltage

The 95th percentiles of the approximately 10 min mean RMS values of the phase
voltages were 244 V, 243.82 V, and 244.8 V for the first, second, and third phase, respectively.
These values were closer to the upper limit (253 V); nevertheless, they are compliant with
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the PN-EN 50160:2010 standard. The values of phase voltages during one charging process
were also within the limits. The mean values were 240.4 V, 241.05 V, and 241.32 V for
the first, second, and third phase, respectively. Detailed results of phase voltages for the
one-week measurement period are shown in Table 1. Figure 6 presents RMS phase voltage
variation during the measurement week.

Table 1. Phase voltage values for the one-week measurement period.

Phase Voltage Mean Minimum Maximum P95

UL1-N 242.03 V 237.9 V 245.36 V 244 V

UL2-N 242.16 V 238.43 V 245.26 V 243.82 V

UL3-N 242.9 V 238.89 V 246.12 V 244.8 V

UL1-N 242.03 V 237.9 V 245.36 V 244 V

Figure 6. Phase voltage variation during the measurement week.

3.3. Voltage Asymmetry

The 95th percentiles of the approximately 10 min mean, maximum, and minimum
values of the voltage imbalance factor were 0.31%, 0.32%, and 0.29%, respectively. The
mean value of the phase imbalance factor measured during one charging process was
slightly lower (0.22%). This means that the results are compliant with the limit set in the
PN-EN 50160:2010 (2% for 95% of the week). Figure 7 presents the weekly variation of the
voltage imbalance factor.

3.4. Total Harmonic Distortion of Voltage

The 95th percentiles of approximately 10 min mean values of the total harmonic
distortion of voltage (THDU) were 2.27%, 1.84%, and 2.18% for the first, second, and third
phase, respectively, which means they are compliant with the PN-EN 50160:2010 standard
(THDU ≤ 8% for 95% of the week). The peaks of THDU occurred when most chargers
were in use. The value of THDU during one charging process was increasing due to the
increasing number of other electric buses being charged. Figures 8 and 9 show the THDU
variation during the one-week measurement period and one charging process, respectively.
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Figure 7. Voltage imbalance factor variation during the measurement week.

Figure 8. Total harmonic distortion of voltage variation during the measurement week.

Figure 9. Total harmonic distortion of voltage variation during one charging process.
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3.5. Voltage Harmonics

The power quality analyzer registered 2753 events when the 4th (L1, L2), 6th, 8th, or
10th (each phase) voltage harmonic were above the limits. The first phase was characterized
by the highest number of events (1401). The lowest number of events (804) occurred in
the third phase. Voltage harmonics exceedances were also registered during one charging
process (179 events; the same individual voltage harmonics).

The 95th percentile of the 6th voltage harmonic of the third phase was slightly (0.52%)
above the PN-EN 50160:2010 limit (0.5%). The 6th harmonic of the first phase was also close
to the limit. A similar situation occurred with the 8th harmonic of the first and third phase.
Figure 10 presents the voltage harmonic spectrum (95th percentile) for the measurement
week. Table 2 shows the numeric values of each individual voltage harmonic.

Figure 10. Voltage harmonic spectrum (95th percentile) for the entire week.

Table 2. Numeric values of each individual voltage harmonic.

Harmonic Number PN-EN 50160:2010 Limit [%] P95 L1 [%] P95 L2 [%] P95 L3 [%]

H2 2 0.40 0.07 0.20

H3 5 0.39 0.18 0.20

H4 1 0.64 0.23 0.25

H5 6 1.63 1.56 1.69

H6 0.5 0.46 0.10 0.52

H7 5 0.95 0.78 0.83

H8 0.5 0.49 0.25 0.42

H9 1.5 0.22 0.17 0.28

H10 0.5 0.23 0.32 0.27

H11 3.5 0.66 0.67 0.67

H12 0.5 0.08 0.11 0.16

H13 3 0.26 0.28 0.28

H14 0.5 0.15 0.08 0.09
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Table 2. Cont.

Harmonic Number PN-EN 50160:2010 Limit [%] P95 L1 [%] P95 L2 [%] P95 L3 [%]

H15 0.5 0.05 0.03 0.04

H16 0.5 0.12 0.14 0.20

H17 2 0.17 0.22 0.22

H18 0.5 0.04 0.02 0.06

H19 1.5 0.22 0.19 0.24

H20 0.5 0.08 0.07 0.11

H21 0.5 0.04 0.03 0.03

H22 0.5 0.09 0.07 0.10

H23 1.5 0.13 0.12 0.13

H24 0.5 0.02 0.01 0.03

H25 1.5 0.10 0.10 0.13

The 95th percentile of the individual voltage harmonic distortion measured during
one charging process is even higher, which is caused by connecting more and more buses
to the neighboring chargers (Figure 11). The 4th (L2), 6th (each phase), 8th (L1, L3), and
10th (L2) voltage harmonics were above the requirements of the PN-EN 50160 standard.
Figure 12 presents the 4th, 6th, 8th, and 10th voltage harmonic variation during the one-
week measurement period. The 6th voltage harmonic of the third phase increased above
the limit of the PN-EN 50160 standard as soon as six chargers were in use simultaneously.
The individual voltage harmonic variation (150-cycles averaged) of the 2nd, 4th, 6th, 8th,
10th, and 12th harmonic during the full charging process are presented in Figure 13. The
4th, 6th, 8th, and 10th harmonic were increasing with time and were above the PN-EN
50160:2010 limit. The results show that the higher the number of chargers in operation, the
higher the individual voltage harmonic values.

Figure 11. Voltage harmonic spectrum (95th percentile) for one electric bus charging process.
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Figure 12. The individual voltage harmonic variation (10 min averaged): (a) 4th harmonic; (b) 6th
harmonic; (c) 8th harmonic; (d) 10th harmonic during the measurement week.

3.6. Short-Term and Long-Term Flicker Perceptibility

The weekly variation in the 10 min averaged active power (P); short-term flicker
perceptibility (PST), and long-term flicker perceptibility (PLT) are presented in Figure 14.
There was one approximately 24 h period (between the 1st and 2nd of April) when the
values of PST and PLT were higher than usual. It is visible that the values of PST were
higher when charging occurred. The thing that might have contributed to this result was
the snowfall that occurred on those days. Nevertheless, the PLT meets the requirements of
PN-EN 50160:2010. Detailed results are presented in Table 3.

3.7. Current Harmonic Emission

The current harmonic distortion was analyzed in accordance with the recommenda-
tions presented in IEEE Standard 519-2014 [28] for the whole week (10 min interval; short
time harmonic measurements) and for one charging process (3 s interval; very short time
harmonic measurements; limits for daily evaluation). Due to the fact that the electric bus
depot was built less than a year ago, the maximum demand load current (IL) was assumed
as the maximum average fundamental current from all measured current channels during
the recording period. Each ratio of the maximum short-circuit current (ISC) to IL was
considered in the analysis, as the impedance of the system is unknown.
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Figure 13. The individual voltage harmonic variation (150 cycles averaged): (a) 2nd harmonic; (b) 4th
harmonic; (c) 6th harmonic; (d) 8th harmonic; (e) 10th harmonic; (f) 12th harmonic during the full
charging process.
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Figure 14. (a) Total active power demand profile (10 min averaged); (b) short-term flicker perceptibil-
ity; (c) long-term flicker perceptibility during the measurement period.

Table 3. Values of short-term and long-term flicker perceptibility (one-week measurement period).

N total Mean Minimum Median Maximum P95

PST1 1008 0.19 0.07 0.18 2.05 0.29

PST2 1008 0.19 0.07 0.18 1.03 0.28

PST3 1008 0.19 0.07 0.17 2.09 0.27

PLT1 84 0.22 0.11 0.18 0.91 0.41

PLT2 84 0.22 0.13 0.18 0.67 0.46

PLT3 84 0.22 0.11 0.18 0.94 0.58

The 95th percentiles of the 2nd (each phase), 4th (L1, L2), 8th (L1, L2), 10th (L2), and
12th (L3) harmonic current were above the limits for the most severe case during the one-
week measurement period (Figure 15). The 2nd harmonic current of the third phase was the
highest in both considered scenarios. The 2nd (each phase), 4th (L1, L2), 8th (L1), and 12th
(L3) harmonic current were also exceeded for the most severe case during one charging
process. (Figure 16). The values of current harmonics were within the limits for the ISC/IL
ratio, above 1000 and 50 for the whole week and one charging process, respectively.

The individual harmonic current variation (150 cycles averaged): (a) 2nd harmonic,
(b) 4th harmonic, (c) 6th harmonic, (d) 8th harmonic, (e) 10th harmonic, (f) 12th harmonic
during the full charging process are presented in Figure 17. The harmonic currents were
slightly increasing with time, except for the 6th harmonic (each phase) and the 12th har-
monic (L1). The temporary decrease in all harmonic currents during charging was caused
by the brief connection of another electric bus.
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Figure 15. Current harmonic spectrum (95th percentile)—one-week measurement period (IL = 1068.57 A).

Figure 16. Current harmonic spectrum (99th percentile)—one charging process (IL = 116.93 A).

Figure 17. Cont.
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Figure 17. The individual harmonic current variation (150 cycles averaged): (a) 2nd harmonic, (b) 4th
harmonic, (c) 6th harmonic, (d) 8th harmonic, (e) 10th harmonic, and (f) 12th harmonic during the
full charging process.

4. Conclusions

This article presents an analysis of the impact of an electric bus fleet on the power qual-
ity parameters in Lublin, Poland. The measurements show that high current harmonics (the
2nd, 4th, 8th, 10th, and 12th) were injected into the grid, resulting in noncompliance with
the PN-EN 50160:2010 standard. This means that the requirements of the Regulation [26]
were also not met due, to the exceedance of the 6th voltage harmonic of the third phase.

The study reveals that the harmonic current emissions and voltage harmonics at the
distribution substation change, depending on the number of chargers that operate at the
same time. The magnitude of harmonic currents at the secondary side of the transformer
is considerably greater than at the fast-charger′s terminal, which means that harmonic
currents are of an additive nature.

A detailed analysis of the results obtained and presented in the article is the basis for
the conclusion that the charging of electric buses at this bus depot should be distributed
strategically. Simultaneous use of more than 6 chargers should be restricted due to concerns
regarding power quality. This would reduce exceedances of voltage harmonics (especially
the 6th).

Electric buses are used to improve quality of life by reducing air pollution and noise;
however, they can cause power quality problems in the distribution system. Nevertheless,
environmental protection and continuous technological progress define them as the future
of public transport. Currently, due to the need to reduce harmful emissions and the
possibility of obtaining electricity from renewable energy sources, as well as due to the
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technological progress in the production of efficient energy sources, electric buses, although
more expensive than those powered by diesel engines, are increasingly being considered
by large urban areas.

An important direction for the development of the electric bus market is the creation of
topologies for electric bus chargers that do not significantly affect power quality parameters.
New technologies and charging management systems will help to reduce the effects of
electric bus charging on the distribution grid and will lower greenhouse gas emissions.
Stringent current harmonics emissions guidelines in Poland for devices with an input
current of more than 75 A would also help in the reduction of the impact of electric bus
charging on power quality parameters.

Regulations and standards are implemented to oblige energy distribution companies
and users to restrict the disturbance levels introduced into the power system. The Regula-
tion uses the term every week 95% of the set of 10 min averages for the parameter should be in the
range. This means that continuous measurement would be the best solution. In practice, it
is most often enough to carry out a measurement within a period of 7 days, which reduces
the costs of the measurements, while providing an approximate picture of the phenomena
occurring in the distribution grid. However, it should be remembered that the phenomena
in the distribution grid are often of a random nature, or they occur only in certain situations,
e.g., during snowfalls or other weather events, which means that not all disturbances will
be recorded all the time. Observation of power quality parameters for the period of one
month at the bus depot would be advisable.

Further research will focus on the analysis of power quality parameters during ultra-
fast charging (450 kW) and the supraharmonic current emissions of electric vehicle chargers.
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29. Jasiński, M.; Sikorski, T.; Kostyła, P.; Kaczorowska, D.; Leonowicz, Z.; Rezmer, J.; Szymańda, J.; Janik, P.; Bejmert, D.;
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