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Abstract: An automatic fast charger station with a power level of 120 kW is developed for
city Bus Line 60 in Gothenburg, Sweden. There are some power quality issues towards the
utility grid during the charger operation. The aim of this paper is to explain the project and
to present the measurement results with respect to power quality issues. The main
specifications of the battery, charger, charging infrastructure and bus route are explained.
The measurement results show that the harmonic emission is within the prescribed limit
despite the high amount of low-frequency harmonics because of a passive diode rectification.
It is suggested to replace the passive diode rectifier with an active front-end converter to
eliminate low order current harmonics and to obtain a unity power factor operation. The main
contribution of this work is to demonstrate a practical example of an electric charging system
for an electric public transport system in Gothenburg.

Keywords: fast charger station; power quality; city bus; charging infrastructure; AC/DC
converter; Gothenburg Bus 60

1. Introduction

To promote the idea of hybrid plug-in buses in city environments, a pilot project is established and
executed by city authorities and industrial partners in Gothenburg city in Sweden. One appropriate
bus route, Bus 60, is selected, and the required infrastructure or changes in the system are implemented
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to achieve a more electric transport system based on a plug-in hybrid bus [1-4]. A total of 61% of fuel
savings is reported in this project [1].

There have been several similar attempts to utilize the plug-in or hybrid solutions of passenger buses
in the city environment to have more clean transport systems; one can refer to [4—10] for some examples.
However, plug-in buses are in their early stages in the application perspective, and this project is one of
the few examples of these buses being in service.

The project is called the Hyper Bus project. Business Region Gdeborg, a public company owned by
the city of Gothenburg, is the project manager. The other partners include G@eborg Eenergy, City of
Gothenburg Transport Department, Volvo Buses and V &ttrafik. The plug-in hybrid buses, three in
this case, were delivered by Volvo Bussar AB. All charger stations and the related infrastructure are
provided by Gdeborg Energy, an energy company owned by the city of Gothenurg. The Gothenburg
Transport Department is the city’s public transport authority that has arranged the process of the
integration of the busses into the city transport system, especially in regard to legal issues. VV&ttrafik is
the regional public transport authority responsible for bus route planning in this project.

The project is briefly presented to emphasize the main features, such as charging power and fuel
savings. Two fast charger stations are installed at the two ends of the route to provide electric power for
the bus batteries. The charger includes a front-end passive rectifier and a DC/DC converter.
Measurement results of the charger show that there are some power quality issues because of a passive
rectification, which are described in this work.

2. The Hyper Bus Project

The aim of the Hyper Bus project was to operate the major part of the route in electric mode.
Some changes have been made in the Volvo 7700 hybrid buses to have a more efficient and longer
lasting battery. The plug-in buses are called Hyper Buses in the context of this project.

The selected bus route can be described as follows [2]:

e The distance covered is 8.3 km in one direction.

e There are 24 stops along the route.

e The number of passenger journeys is about 400,000 per month.
e Route 60 has 18 buses, plus three Hyper Buses.

e The journey time is 35-36 min.

e Electricity provides up to 70% of the power along the route.

Three buses are the plug-in type with respect to the bus fleet in this route. The bus specifications can
be summarized as:

e Hybrid electric and diesel.

e Passengers: 35 seated + 35 standing.

e Twin-axle low-floor urban bus, identical to the VVolvo 7900 hybrid.

e Battery chemical: lithium iron phosphate.

e Battery capacity: 28 kWh.

e Charging procedure for the driver: position bus correctly under the charging pole (tolerance
#40 cm sidewise, 270 cm lengthwise).
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e D5F215 diesel engine: 4.8 L, 161 kW (216 hp), 800 Nm, Euro 5.
e Electric motor: 150 kW (203 hp) and max 1200 Nm.

The charging stations have the following specifications:

e Charging time: about 6 min.

e Local wind-generated electricity from DinEl.
e Charging capacity: 100 kW.

e Charging stations input supply: 400 VV AC.

e Charging voltage: 600—750 V DC.

e Complete charge: 10 kWh.

3. The Measurements of a Charger Station

One of the bus stop stations equipped with a charger unit is shown in Figure 1. The bus is
connected to the charger through an overhead pantograph. Besides the pantograph, there is box including
power electronics.
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Figure 1. A project bus stop station equipped with the charging facilities [3].

Figure 2 shows the basic diagram of the charger unit in which the measurement points are specified.
There is a three-phase passive rectifier and then an isolated DC/DC converter. The DC/DC converter
can be a parallel connection of smaller modules. The voltages and currents were registered on the AC
and DC side of the charger. The measurements were made with two Metrum PQ 120 instruments.
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Figure 2. Charger units, as well as the location of the AC and DC side sensors.
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Figure 3 shows the charger measurements for a recorded time interval on 12 April 2014. The voltage,
current and power were recorded on the AC side. It can be observed in Figure 3 that the active power
peaks at 100 kW. At the same time, the same quantities on the DC were registered and are shown in

Figure 4.
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Figure 3. Voltage, current and active power on the AC side, 12 April.
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Figure 4. VVoltage, current and active power on the DC side.

Here, it can be noted that the power level reaches 80 kW, which is slightly under the full capacity of
the charger, i.e., 120 kW. During the charging, the power goes down as the battery in the bus is reaching
its maximum allowed charge. The reason for not reaching a higher power is that the maximum voltage

allowed over the battery is reached.

The power on the DC and AC sides is shown in Figure 5. In the figure, it can be noted that the losses
appear to be fairly constant. Many of the losses in the magnetic parts, as well as the semiconductor parts
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are much higher in relative terms, when the power level is low. In addition, there could also be constant loads,
such as fans and coolers, which operate regardless of the power level; this can be a reason for the almost
constant power losses, regardless of the converter power level. It can also be noted that after the charging
has stopped, there is a power consumption of ca. 5 kW; this could definitely be a fan/cooler. The efficiency
is presented in Figure 6.
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Figure 5. Power on the DC and AC side.
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Figure 6. Measured efficiency of the charger.

As can be noted in the figure, the efficiency reaches about 85%. This is slightly lower than the
efficiency at the rated power that has been stated to be 90.9%. Apart from the fact that the rated power
of 120 kW is not reached, another factor that influences this lower value is the fact that there is a cooler
consuming 6 kW that could not be turned off.
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4. The Power Quality Issues

The instantaneous voltage and current waveforms were also recorded, both during charging at the
highest recorded level, as presented in Figure 7, as well as when no charging takes place, Figure 8.
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Figure 7. Instantaneous voltages and currents during charging.
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Figure 8. Instantaneous voltages and currents when there is no charging.

The characteristic wave shapes of a diode rectifier are visible in the current in Figure 9. However, if the
charger had operated at its full power level, the current waveforms would have been a bit more sinusoidal.
Regarding the voltage, it can be seen that the wave shapes during charging are somewhat affected
by the distorted current during the charging. In Figure 9, the voltage harmonics can be observed during
the 12 April measurements.
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voltage harmonics
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Figure 9. Voltage harmonics during the 12 April measurements.

The total harmonic distortion (THD) is computed using the first 50 harmonics. The calculation
procedure can be found in Standard IEC 61000-4-7 [11]. As expected, it is the fifth and seventh
harmonic that, during charging, is dominating. When there is no charging, there is considerable amount
of the third harmonic, indicating that the phase balancing on this radial is not completely perfect.
The resulting voltage THD is presented in Figure 10.
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Figure 10. Voltage total harmonic distortion (THD) during the 12 April measurements.

It is also possible to determine the current THD; see 61000-4-30/FDIS [12]. In Figure 11, the
magnitude of each individual current harmonic measured is presented together with the values given by
the manufacturer. The reason for the higher values found in the measurements is not the charger itself;
instead, it is the fact that the charger cannot operate at full power due to the voltage limitation of the battery.
The current waveform is then at this slightly lower maximum current level, slightly more distorted than
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what it would have been in case that the battery could take the full current capacity of the charger.
In Figure 12, the absolute values of the current THD is presented.
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Figure 11. Current harmonics, measured, as well as the values given by the manufacturer.
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Figure 12. Current harmonics during the 12 April measurements.

Finally, in Figure 13, the THD during a 10-day period is displayed. As in the 12 April measurements,
it can be seen that the THD reaches 4% when the charger is in operation; otherwise, the THD is about 1.5%
during the working time. During nights, the THD goes down, and also, during weekends (27-28 April)
and holidays (1 May), the THD is lower.

The THD values are within the limits set by the regulations; however, if a lower level of THD and
individual harmonics is desired, filters need to be installed, or the grid interface of the charger should be
changed from a diode interface to a transistor interface.
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Figure 13. Voltage THD during the 12 April measurements.

The voltage level is allowed to vary within some certain limits. However, even if the voltage level is
within these limits, they might cause a nuisance for the customers. Especially traditional light bulbs,
“incandescent light bulbs”, can flicker. About 80 years ago, experiments were made on people of how
they perceived this flickering. Based on these experiments, a mathematical derivation was put up that
rendered indices, Pst and Plt, the short-term and long-term flicker severity indices [13]. If the value reached
one at which people on average could become annoyed and if the indices reached 0.7, some persons
could note the flickering. Based on this, utilities put up rules for how unevenly the power a load/source
might take/deliver to the network. For instance, wind turbines are only allowed to contribute with an
amount of 0.25 to the network.

The flicker emission during the 12 April measurements is presented in Figure 14. It can be noted that

the flicker emission continuously varies and often reaches the value of one.
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Figure 14. Flicker level during 12 April.
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However, today, other types of illuminations (lead and fluorescent lights) are taking over, so a level
of one actually causes no problems for the customers. However, the impact with respect to the charger
seems to be small: an increase in the minimum flicker level can be observed during some of the
charging instants. The results from 12 April showed a bit higher flicker emission for the longer time
period, which is presented in Figure 15.
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Figure 15. Flicker emission during the 10-day period.
5. Conclusions

The main specifications of a more electric transport system based on plug-in buses are presented.
The measurement results of the charger unit are presented and analyzed. The results show that there are
some harmonic issues towards the utility grid. The main cause of the high harmonic content in the grid
side of the charger is utilizing a passive diode rectifier in the front-end of the charger. Active rectification
using power electronic switches is recommended to enhance the quality of the charger waveforms.
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