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Abstract: The development of electromobility involves the development of electric cars charging
infrastructure. The increase of the number of chargers poses new demands for the AC power grid,
especially in regard to its capacity of delivering high peak power. As an alternative for the public
AC power grid, urban electrified transportation systems (trams, trolleybuses, and metro) can be
used for supplying electric cars chargers. The article discusses four options of integrating electric
cars chargers with a traction power supply system. The option of connecting the charger to the
traction overhead supply line has been selected due to the spatial availability of the power source
and possibility to use regenerative braking energy for charging. A set of criteria has been developed
for analysing the capability of the traction supply system to feed electric cars chargers. An exemplary
feasibility analysis was carried out for trolleybus traction supply system in Gdynia, Poland. The
impact of installing the charging station on specific traction supply parameters has been predicted
using present-state recordings of electrical parameters and assumed charging station power. The
study shows that every supply section of the considered trolleybus traction system has the capability
of installing a fast-charging station, which provides opportunities of expanding the charging stations
network in Gdynia.
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1. Introduction
The expansion of electromobility requires the development of the electric power
distribution infrastructure. In particular, it is essential to provide a dense network of electric
cars charging stations. This, in turn, leads to the increased demand for power and energy
drawn from the power distribution system, which often requires substantial development
of this system [1]. The use of modern smart grid technologies, such as Vehicle to Grid
(V2G) [2,3], can be extremely useful for this purpose. Thanks to V2G technologies, electric
vehicles can act as power-balancing prosumers, supporting the power system [4,5].
V2G technologies are usually associated with the commercial AC power grid [6,7].
However, an electric vehicle may also be a prosumer in the electric traction power supply
system of railways, trams, or trolleybuses. As the power demand in traction supply systems
varies in a much wider range than in commercial systems [8], the demand for powerbalancing means is even more significant [9,10]. The authors of [11] proposed to use
electric vehicles charging stations installed at the Kochi Metro Rail System to support
the supplying grid in terms of load balancing, harmonic elimination, and reactive power
compensation. By simulation and experimental study, it has been proven that charging
stations connected to the step-down transformer of a metro traction substation can act as
an ancillary service provider.

4.0/).

Energies 2022, 15, 1448. https://doi.org/10.3390/en15041448

https://www.mdpi.com/journal/energies

Downloaded from mostwiedzy.pl

Energies 2022, 15, 1448

2 of 13

The peak load limitation of the AC distribution network raises reasonable concerns
in regard to grid stability under the load of electric car chargers [12]. The most commonly
proposed solution to this problem is integrating the chargers with energy storages and
photovoltaic systems [13]. The first flattens the power demand of the charger, while the
latter partially covers this demand. However, due to the required ratings of these devices,
their cost is substantial. Therefore, an interesting solution to overcome the peak load
limitation of the AC distribution grid is to supply part of the charging stations from urban
traction power supply systems. Such systems usually have a large peak power reserve,
which may be used to cover the power demand of additional devices [14]. As parking lots
with electric car chargers are often located near transportation nodes, the integration of
chargers with traction power supply systems does not require long power cables [5,12].
A charger supplied by the urban traction power supply systems may be connected to
a power substation (as assumed in [11]) or to the DC traction overhead line. The second
solution provides additional benefits, such as the large spatial availability of the overhead
line. Moreover, a substantial part of traction power systems is equipped with energy
storage systems, which collect energy from the regenerative braking of the vehicles. Such
storage is usually connected to the DC part of the system and—when merged with electric
vehicles charges—may potentially create a flexible smart grid system [8].
An interesting study of integrating electric vehicle chargers has been reported in [13].
The authors considered supplying electric vehicle chargers from the 750 V DC traction
overhead line of a public tram in Edinburgh, Scotland. The study discusses charging
control strategies, as well as earthling and wider system protection requirements. Another
study [15] analyses charging stations supplied from the trolleybus DC traction overhead
line in Solingen, Germany. The authors propose a multi-vehicle-charging concept, which
maximizes the charge points availability despite power limitations present on the supply level.
This article includes an exemplary assessment of the feasibility of using a trolleybus
power system for supplying electric car charging stations. Four options of integrating
electric car chargers with a traction power supply system have been discussed. The option
of connecting the charger to the traction overhead supply line has been selected, as it
provides particular advantages when compared to the supply from the public AC grid.
The present state of trolleybus traction power supply in Gdynia has been evaluated by
the analysis of recordings carried out in traction substations and vehicles. Next, using
the linear nature of the system, the power supply parameters were corrected according
to the assumed power of the charging stations. Finally, the parameters were evaluated in
regard to the proper operation of the system. The evaluation shows that the trolleybus
traction power supply in Gdynia has substantial reserves and could be used to supply fast
charging stations.
2. Options of Integrating Chargers into the Trolleybus Power Supply System
Trolleybuses are powered by an overhead dual-pole DC traction contact line. The
traction line is divided into supply sections (Figure 1). Individual sections are powered
by supplying wires (so-called feeders) from traction substations. The traction substations
transform the AC power into DC and decreases the voltage to a suitable level. The nominal
DC voltage in a trolleybus supply system, ranges from 600 to 725 V. Due to voltage
drops at the feeders and at the overhead line, the idle output voltage of substations is set
approximately to 110% of the rated value, i.e., 660 V or 825 V [16].
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Figure 1. General scheme of trolleybus power supply system.
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The connection of vehicle charging stations and the urban transport energy system
can be carried out in different manners, which is shown in Figure 2.

Figure 2. Possibilities of supplying electric vehicle charging stations from a traction power system.

The charging station may be connected to the DC level, i.e., directly to the traction
overhead line (option 1 in Figure 3) or to the DC busbars in the substation (option 2).
Such solutions allow the best synergy between the systems, mainly due to the possibility
of directing the trolleybuses regenerative braking energy to the charging stations. An
additional advantage of drawing the power from the overhead contact line (option 1) is
the large spatial accessibility of the overhead traction line. The power that can be drawn
from the overhead line by the charging station depends on the distance from the traction
substation and the design of the traction network. Under favourable conditions (close
proximity to the substation and large cross-section of the overhead line), it can be at the
level of 200–300 kW, but in most cases the available power is approximately 50–100 kW.
Supplying the charging station from the DC part of the traction power system (both options
1 and 2) requires the use of a DC/DC power-electronic converter, which is not a typical
solution, thus substantially increasing the costs of the system. In turn, powering the
charging stations from the AC voltage (options 3 and 4) uses standard solutions, which
makes it inexpensive. However, the AC voltage is available only in traction substations. A
detailed comparison of all the options is included in Table 1.
The exemplary electric vehicles charging system powered by the tram overhead line
has been launched in Oberhausen, Germany (Figure 3). It consists of a DC/DC converter
(Figure 4), three electric cars charging stations and one electric bus charging station.
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Figure 3. Charging station for electric bus and electric cars powered from the tram overhead line in
Oberhausen, Germany.
Table 1. Comparison of the possibilities of supplying electric vehicle charging stations from traction
power system.
Option No.
Option 1

Supply Method
Power supply from
overhead traction line

Supply Voltage
600 V DC

Advantages
(1)
(2)

Option 2
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Option 3

Option 4

(1)
(2)

Power supply from
DC busbars of
traction substation

600 V DC

Power supply from the
secondary circuits of
rectifier transformers
Power supply from
auxiliary circuits of
traction substations

525 V AC

(1)

400 V AC

(1)

Large spatial availability of
the power source;
Synergy between traction
power supply and vehicle
chargers.

High power available;
Synergy between traction
power supply and vehicle
chargers.
High power available.

Possibility of using typical
chargers (without
transformers or power
converters).

Disadvantages
(1)
(2)
(3)
(4)
(5)
(1)
(2)

Limitations related to the current load
capacity of the traction network;
Voltage fluctuations;
Possible power outages;
Deterioration of the power supply
parameters for vehicles;
Necessity to use a DC/DC converter.
Applicable only in the vicinity
of substations;
Necessity to use a DC/DC converter.

(1)

Applicable only in the vicinity
of substations.

(1)

Applicable only in the vicinity
of substations;
Limited power available.

(2)

Figure 4. DC/DC converter used for powering a charging point for electric buses and cars from a
tram overhead line in Oberhausen, Germany.
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3. Electric Cars Charging Station in Gdynia, Poland
In the city of Gdynia (Poland), a converter station that allows the use of a traction
system to supply receivers with industrial voltage of 400 V AC was launched in 2021 as a
result of the “EfficienCE” project [17]. The converter links a trolleybus overhead line to an
electric vehicle charging hub.
In order to increase the reliability of the power supply (e.g., in the event of excessive
drops of converter input voltage) and to increase the flexibility of accumulation of trolleybuses regenerative braking energy, the station was equipped with a battery-based electric
energy storage. For this purpose, a second-life traction battery from a trolleybus was used
(Figure 5).
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Figure 5. DC/AC converter for conversion converting trolleybus 600 V DC overhead line voltage
into a 400 V AC commercial standard (operating in Gdynia, Poland; the battery-based energy storage
is in the box placed on the floor).

The power conversion process is split into two stages (Figure 6). First, the system
uses the DC/DC converter, which provides galvanic separation from the traction network
voltage and regulates the battery charging current [18]. Next, the DC/AC converter delivers
the power to the charging station via an additional transformer used for insulation purposes.
The charging station is supplied by 3 × 400 V AC, which is a commercial standard. Hence,
a typical fast charger for electric cars was used.

Figure 6. General connection scheme of the charging station and the trolleybus power supply line in
Gdynia, Poland.

4. Feasibility of Using Trolleybus Traction System for Supplying Chargers
The solution of using a trolleybus traction system to supply electric vehicle chargers,
presented in the previous section, which has been a subject of a trial operation, proves
the technological maturity of the required equipment. However, the selection of target
locations of similar solutions requires comprehensive analysis.
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Traction power supply systems are featured by high load variability, which is a result of
a variable number of vehicles within the supply section and their variable driving state [19].
The power demand may suddenly change from large positive (few vehicles simultaneously
accelerating) to idle or even negative (regenerative braking) in a few seconds. The variable
load causes large voltage fluctuations in the overhead contact line. For this reason, it
requires specialized tools for energy analyses.
The analysis presented in this section uses data recorded from the trolleybus traction supply network in Gdynia. In addition, data from trolleybuses on-board recorders
were used.
In order to determine the possibilities of using the trolleybus network to supply
charging stations, an analysis of the load level and voltage in overhead supply lines of
the trolleybus system was carried out. Supplying the charging station from the trolleybus
overhead line is associated with an increase in the overhead line load. The following
limitations for this increase should be considered at particular supply sections:

•
•
•

Maximal current load,
Maximal allowable voltage drop,
Maximal acceptable transmission losses.

The above limitations are summarized in Table 2 and discussed in the following
subsections.
Table 2. Criteria for verification of possibility to use trolleybus overhead line to supply electric cars
charging stations.
Criterion
(I) Maximal load current

Description
-

(II) Maximal voltage drops

The following criteria can be determined in calculations and
technical analyses:
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-

(III) Acceptable power loses

For the feeders (typically YAKY 630 cables), the
maximum long-term load current is 1000 A;
For the overhead wire, the maximum long-term load
current of a single wire is 420 A. The overhead contact
line consists of two parallel-connected runways,
therefore the acceptable continuous load is 840 A.

2A: the minimal instantaneous voltage in the overhead
contact line is 400 V;
2B: the average value of the voltage drop in the supply
system (between the substation and the most distant
point of the supply section) should not exceed 150 V;
2C: the allowed mean voltage drop at the trolleybus
current collector is 99 V.

There are no clear criteria; however, it is commonly
assumed that transmission losses in the overhead contact
line should not exceed 10%

Comment
The maximal continuous load of a
power section cannot exceed 840 A

The 2B criterion is similar to 2C,
thus only 2A and 2C need to
be considered

The transmission losses should not
exceed 10%

4.1. Criterion I: Maximal Load Current
The analysis was made with the assumption that the charging stations draw a constant
power of 44 kW (2 stations, 22 kW each). Such a power was recalculated into the load
current (approximately, 80 A at the rated voltage 600 V and 100 A upon a voltage drop to
400 V) and added to the current recorded during trolleybus power system operation.
The results of the analysis of the current load on particular power sections in the
trolleybus supply system of Gdynia are presented in Figure 7. The analysis is based on
recordings carried out during low ambient temperature period, which translates to the
highest power demand related to electric heating of the trolleybuses [20]. The maximum
value of the load is approximately 300 A, which provides a large margin when compared
to the limit of 840 A. Hence, it is concluded that the additional load would not result in
exceeding the maximal load current value.
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Figure 7. Results of computation of average load current of particular supply sections (assumed
power of the charging station: 44 kW).

4.2. Criterion II: Maximal Voltage Drop
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In association to criterion 2C, described in Table 2, Figure 8 presents the results of
recordings of the average useful voltage on trolleybus collectors grouped into individual
power sections. The input data were obtained from on-board trolleybuses recorders.

Figure 8. Average voltages at trolleybuses current collectors on particular supply sections (no
charging station).

With the exception of the “Harcerska” section, which is presently undergoing modernization, the voltage values are in the range between 645 V and 685 V. The output voltages
of the substations are set at the level of 680–690 V. Hence, the average drop does not exceed
50 V, which provides a large margin to the permitted value of 99 V.
The additional load related to the charging station for electric cars would increase the
voltage drops presented in Figure 8. Due to the linear nature of the electric circuits, the total
voltage drop may be calculated by means of superposition, i.e., as a sum of present voltage
drop and the drop related to the charging stations. Instantaneous drop ∆U drop related to
the charging stations may be calculated as:
∆Udrop (t) = Ichar (t)· Rk ,

(1)
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where: Ichar is the current collected by the charging stations and Rk is the short circuit
resistance of the overhead line at the point of the charging stations’ location.
The voltage drop, ∆U drop , was computed for the most unfavourable conditions. The
location of charging stations was assumed at the end of power section, which leads to the
greatest value of resistance Rk . Moreover, the power drawn by the charging stations was
assumed constant and equal to 44 kW, which translates into Ichar = 83 A. Assuming constant
Ichar makes the instantaneous voltage drop (1) equal to the average drop.
Table 3 lists the short circuit resistances and the increase in voltage drops for particular
power sections. The computed values of the voltage drop range approximately from 7 to
37 V, which is far below the 50-V margin derived from the recordings (Figure 8).
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Table 3. Short circuit resistances and computed increase in voltage drops for particular power sections.
Section

Maximal Short Circuit
Resistance [Ω]

Increase ∆Udrop [V] in Voltage Drop
Related to Charging Stations

Cisowa
Poczta
Gazownia
Wiejska
Kcyńska
Pustki
Leszczyńki
Grabowek
Mleczarnia
Dworzec Towarowy
Kołłataja
˛
10 lutego
Plac Kaszubski
Plac Konstytucji
Świ˛etojańska
Stocznia
Wzgórze
Redłowo
Kack
Wielkopolska
Wajdeloty
Źródło Marii
Nowowiczlińska
Mi˛etowa
Rdestowa
Chwaszczyńska
Kamienny Potok

0.19
0.09
0.36
0.44
0.37
0.52
0.17
0.23
0.36
0.17
0.32
0.13
0.25
0.19
0.32
0.34
0.26
0.35
0.42
0.30
0.21
0.24
0.24
0.28
0.24
0.31
0.18

15.8
7.5
30.0
36.7
30.8
43.3
14.2
19.2
30.0
14.2
26.7
10.8
20.8
15.8
26.7
28.3
21.7
29.2
35.0
25.0
17.5
20.0
20.0
23.3
20.0
25.8
15.0

In association to criterion 2A, described in Table 2, Figure 9 shows the results of
measurements of the minimum voltage level Umin in the Gdynia trolleybus network (green
bars). It should be emphasized that due to the random nature of trolleybus operations,
these values should be treated as indicative. In addition to the present state (green), Figure 9
includes the estimated minimum voltage Umin_char computed for assumed power of electric
car charging stations: 22 kW (blue) and 40 kW (red). The computations were carried
out for the most unfavourable case of positioning the charging stations at the end of the
power supply sections. The values were obtained by decreasing the measured value of the
minimal voltage drop by the additional voltage drop (1) caused by the charging stations.
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Figure 9. Minimal instantaneous values of the supply voltage in the overhead contact line at particular
supply sections.
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Connecting a charging station would not cause the supply voltage to drop below 400 V.
It should be noted that in the event of a supply voltage drop below 450 V, an unstable
operation of the charging station may occur (switching off). However, such a situation
occurs rarely, up to several times a week. To increase operational reliability, it is possible to
equip the charging station with an energy storage. Unfortunately, this would increase the
complexity of the system and increase investment costs.
Importantly, the voltage close to the given minimal values appear rarely (typically
once a day, depending on the physical situation), which is confirmed by the analysis of the
relative time of the drops (Figure 10). Most of the time, the voltage in the overhead contact
line is above 600 V.

Figure 10. Relative time of voltage decrease below 500 V for particular power supply sections,
expressed in per mills.
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4.3. Criterion III: Acceptable Power Transmission Losses
During power delivery to the trolleybuses, energy transmission losses Eloss in the
power supply system appear in the feeders and the traction overhead line [21]. The increase
of delivered power, resulting from installing the charger, would additionally increase these
losses, which should be taken into account when settling with the charging system operator.
The calculations of losses presented in this section were made using a method presented
in [22], based on data from on-board trolleybus recorders.
The trolleybus current of value Iveh increases the substation load current by the same
amount Iveh , however the voltage at the current collector Uveh differs from the substation
output voltage Us due to the losses. This difference may be used to evaluate the losses in
the following manner.
The power consumption of a trolleybus is be defined as:
Pveh = Iveh ·Uveh

(2)

The power drawn by the trolleybus from the substation is:
Ps = Iveh ·Us

(3)

The losses related to transmission of the power to the trolleybus may be therefore
computed as:
Z
Eloss = Iveh · Iveh ·(Us − Uveh )dt.
(4)
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Figure 11 shows the values of transmission energy losses graphically. For most of the
power supply sections, transmission losses are at the level of 5–7%, which is significantly
below the recommended value, thus the charging stations can be connected there. The
greatest losses occur in the “Harcerska” power section, which—as indicated before—is
subject to modernization, thus the losses will be decreased there. As an important nontechnical issue, the losses related to energy transmission arising in the trolleybus overhead
line should be taken into account in settlements with the operator of the charging point.

Figure 11. Percentage transmission losses of supply sections.

4.4. Summary of All Criteria and Practical Problems
The power of the electric car charger is much lower than the power consumed by
trolleybuses, thus it will only slightly increase the load on the power supply system.
Therefore, the criteria for assessing the I and III power systems (Table 2) are not of key
importance. On the other hand, the voltage criterion is important: criterion II. Due to the
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high resistance of the trolleybus supply system, excessive voltage drops occur. They can
hinder the work of trolleybuses and chargers.
Except from “Harcerska” section, which is presently undergoing modernization that
aims at improving the power supply quality, all supply sections have the technical capability
to feed the assumed charging station. For the case of Gdynia, there is a great reserve in
criterion I that regards yjr maximal load current of feeders and overhead wires. The
predicted load computed for the 44-kW charger does not exceed 33% of the maximal longterm load current. An evaluation of the other two criteria provides a moderate reserve.
The narrowest margin of 13 V in the voltage drop criterion was evaluated for the “Cisowa”
section. However, nearly half of the supply sections in Gdynia are featured by a voltage
drop margin greater than 50 V. Transmission losses differ greatly for particular supply
sections, and in some cases the value of losses is close to the assumed limit of 10%. However,
the power losses criterion has economical background, exceeding the assumed limit that it
would not result in technical faults.
As mentioned in Section 4.2, the minimum allowable voltage in the trolleybus overhead traction line is 400 V. As the power load in urban transportation systems is variable
and random, the charging stations that are connected to the overhead traction line should
include control algorithms that provide protection from the undervoltage condition, similar
to the ones implemented in the vehicles [23]. If the supply voltage drops below 500 V, the
charging power should be limited, and this power limit should linearly change with the
voltage to ensure system stability. Upon 500 V, full charging power should be available
and upon voltage decrease, this power should be limited, reaching zero upon 400 V, as
presented in Figure 12. The technical possibility of the dynamic limitation of charging
power has been proven in [15]. The proposed undervoltage protection may cause temporary interruptions to the charging process. However, they will be rare if the power and
location of the charging station will be selected with respect to the criteria discussed above.

Figure 12. Proposed charging power reduction strategy for protection from the undervoltage condition.

In order to ensure the safe and reliable operation of the whole system, the integration of
the charging station into the traction power supply should also include remote supervision
and control. Therefore, the charging station should be fitted with the same communication
protocol as the traction equipment (e.g., SCADA).
5. Conclusions
Out of the four discussed solutions, this paper focused on supplying electric car chargers from the DC overhead traction line. This solution features good spatial availability of
the power source and great potential for implementing V2G technologies. At the same time,
the additional load introduced to the overhead line by the charger has an impact on specific
supply parameters and raises concerns about the reliable operation of the transportation
system. The capability of the DC overhead traction line to cover the additional load was
verified for the exemplary case of trolleybus system in Gdynia.
The electrical parameters recordings show that the trolleybus overhead supply system
in Gdynia is currently significantly below the limit values in terms of the current carrying
capacity, voltage drops, and power losses. Computations applied for predicting the supply
parameters after installing the charger proved that all supply sections (except from the
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one that is undergoing modernization) have the technical capability to feed the assumed
charging station.
Due to the occasional emergency occurrences that appear in every traction system,
the charging station should be equipped with the function of limiting the charging power
when the voltage in the overhead contact line drops below 500 V. This limitation should
be linear so as to not disturb the stability of the system. The application of energy storage
would enable the charger to maintain high charging power upon supply voltage drops and
increase the potential for implementing V2G technologies.
Using an example of trolleybus system in Gdynia, the paper shows the possibility of
using the traction power supply system for charging electric cars. Gdynia, with nearly
250,000 inhabitants, has the trolleybus transportation system featured by the total length of
the overhead line of approximately 100 km. Tram systems, which are much more popular
worldwide, feature similar electrical and spatial parameters to the trolleybus systems.
Hence, the interest in implementing electric car chargers into urban traction supply systems
is expected to gain.
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