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Executive Summary
The project “Fast-Charging Technologies, Topologies and Standards 2.0”, which is kindly
supported by the E.ON ERC gGmbH focuses on the integration of fast-charging stations in the
urban area.
At first, the requirements for the charging power of future full electric vehicles in urban areas
were derived. A special focus was given to places like supermarkets, theatres and cinemas,
sports facilities or other leisure facilities, which are expected to be a candidate for future fastcharging hotspots in cities.
In a first step, the currently available full electric vehicles were examined with regard to their
battery capacity and range. In combination with typical durations of stay at places of common
interest, suitable charging power per EV was defined. In order to reduce the future loading on
the grids, the integration of a stationary battery storage was also considered.
Subsequently, an overview of the electrical design of current fast-charging stations was given
and it was pointed out which problems may occur in the future in distribution grids due to a
strong penetration of charging stations. On this basis, an approach was presented that allows
both a reduction of grid perturbations in large charging parks and a reduction of peak loads.
The approach provides for the electrical coupling of existing distribution network transformers,
which usually have large reserves, by an underlying DC grid. The fast-charging stations are
then fed from this DC grid. Another major advantage is that the conversion stages are reduced
compared to conventional fast-charging stations, which results in higher efficiency and less
components needed. The technical feasibility of the proposed system has been analyzed and
substantiated from different perspectives. In addition to the electrical properties such as voltage
and power of the underlay grid, the possible inverter topologies for both the grid connection
and for the fast-charging stations were also considered and from a systemic perspective suitable
approaches were presented. In addition to the power electronics, approaches for the automation
and integration of the system into the control of an existing distribution grid were presented.
Especially the determination of the states of a hybrid network can have advantages in the
operational management by using the local converter sensors globally for a state estimation
algorithm. Furthermore, small-signal stability aspects of the hybrid network, as well as the
potential use of the underlay grid for service restoration after fault were presented.
Regarding stationary battery storage systems, the following statements were derived: Battery
storages reduce high power demands imposed by fast chargers on the grid. Additional benefits
such as utilization of locally generated energy, arbitrage trading, islanding and balancing
services are also possible. Depending on the storage’s planned tasks, system properties such as
cell chemistry, control systems, and interaction with the outside world must be optimised. A
predictable load profile from charging events generally allows for better planning of battery
state of charge and consequently improved aging. The tasks were illustrated in detail and several
technical implementations of a test bench outlined.
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Motivation
In the path towards a widespread adoption of electric vehicles (EVs) in passenger transport, the
convenience and speed of recharging are key enablers for the public acceptance of the
technology switch. This report aims to support these targets by clarifying state-of-the-art
concepts in charging infrastructure pointing towards the key challenges and questions to be
tackled in future research.

Battery capacity in kWh

Generally we can observe three distinct vehicle classes in the market. Figure 1 provides an
overview of today’s generation electric vehicles’ battery capacity and their respective energy
consumption. By dividing battery capacity over consumption, the theoretical vehicles’ ranges
can be obtained presented in figure 2. The first vehicle class is formed by vehicles with low
battery capacity and low consumption. In a second small group there are vehicles with a low
consumption and an increased battery capacity, whose market share is expected to grow due to
their suitability for everyday use. The premium segment as a third group is formed of EVs with
a high consumption and a large battery capacity. According to a study in [1], the battery capacity
and thus the range of mass-market vehicles will be between 60 and 80 kWh in the future, while
100 to 120 kWh are expected in the premium segment. The range will be between 300 km and
600 km, which appears to be sufficient for most trips.
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Figure 1: Consumption and battery capacity of today’s available EVs in the market
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Figure 2: Consumption and range of today’s available EVs in the market

Figure 3: Development of EV battery capacity

All EVs currently have an onboard charger with a charging capacity ranging from 2.7 kW to
22 kW. 22 kW is yet the upper limit for home charging.
Alternatively, vehicles can allow DC fast-charging with an offboard charger. Vehicles that are
equipped with the Combined Charging System (CCS) permit significantly higher charging
capacities of up to 50 kW, with new vehicles reaching charging capacities of up to 150 kW in
addition to Tesla (120 kW). In the future, charging capacities of up to 350 kW (450 kW) are to
be made possible. The bottleneck today for higher charging capacities is a combination of
excess heat in the batteries, limited charging rates of the battery cells and large currents in the
charging connector.
Which charging power for urban areas?
The low charging capacities of the onboard chargers in the range up to 22 kW might be covered
by the standardized electrical household connections, if necessary with additional fuses and
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cables. Simultaneous charging of several electric vehicles on the streets however can quickly
lead to an overloading of local grids. Measures will therefore be necessary in the future.
When charging with ultra-high charging capacities of 350 kW to 450 kW, the charging times
may become comparable to the conventional refuelling stop. This variant is therefore suitable
for journeys along motorways that exceed the installed range of the battery. The aim is not to
prolong the journey time unnecessarily by a charging stop or to take detour for recharging.
However, ultra -fast-charging is associated with high costs.
Fast charging with an average charging power between 22 and 100 kW in urban areas and in
highly frequented locations is the focus of this report and will therefore be examined in more
detail. It is assumed that users who have little or no access to home or workplace charging will
use public or semi-public charging infrastructure.
The approach therefore envisages creating charging infrastructure in places where users usually
spend time. These could be, for instance, supermarkets, theatres and cinemas, sports facilities
or other leisure facilities. Captured Meta data, for example from Google Maps, can give a first
indication of how long the usual dwell times are at certain locations. In addition to the length
of stay, information is also available on occupancy, which can be used to derive the peak load
situations. In connection with the local registration numbers of electric vehicles of the road
traffic authorities, a forecast on a possible economically viable charging infrastructure can be
generated. Data on traffic flows can also be a useful addition.

Figure 4: Dwell times and rush ours at public places provided by Google Maps

If one first looks at the usual length of stay at supermarkets and shopping centres in Figure 4 as
an example, they range from 25 minutes to 1.5 hours. From this, a first requirement for the
8

necessary charging power per vehicle can be determined. The diagrams shown in Figure 5 and
6 can be created using the typical vehicle consumptions from Figure 1. The range generated for
discrete charging times is shown as a box plot diagram. Figure 5 shows that most of the
currently available vehicles can be recharged with a range of 60 km within 20 minutes, which
corresponds to an average German daily mileage. With an increased charging power of 75 kW
this can already be reached within 15 minutes as shown in Figure 6.

Figure 5: Gained range of EVs charging with 50 kW

Figure 6: Gained range of EVs charging with 75 kW
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The rush hours or popular times, in conjunction with the prediction of charge and usage profiles,
can provide information about the peak-power to be installed. Diversity factors can be used to
determine the load on the electrical grid caused by fast-charging stations.
The consumption peaks resulting from peak usage times shown above in Figure 4 mean that the
maximum power of the station is only used during few hours of the day. This effect is further
amplified by the fact that electric vehicles do not have a regular charging profile, but typically
rather follow a CCCV curve as can be seen in Figure 7. This profile means that peak
consumption of the vehicles occurs only during extremely short periods of time. An energy
storage system (ESS) can support such power spikes well. This process is typically referred to
as peak load shaving.

Figure 7: Charge profiles at 25°C of a Nissan Leaf BEV 1

Figure 8 a) shows a simplified example of power flows during peak shaving operation. In that
setup, the ESS supports the charging process by providing the missing power. As can be seen
in Figure 8 b) however, there are additional SoCs possible in which the ESS also supports the
charging process providing the operator with additional degrees of freedom. This freedom
allows for a host of secondary usages such as:
- Reduction of peak load to lower grid usage fees
Idaho National Laboratory, Advanced Vehicle Testing Activity, 2013 Nissan Leaf BEV – VINs 0545, 0646,
7885& 9270, Advanced Vehicle Testing –DC Fast Charging at Temperature Test Results
1
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-

Consumption of locally generated electricity
Islanding
Arbitrage trading
Grid balancing services

Figure 8: Charging behavior influencing the stationary battery storage dimensioning

Conclusion
This report focuses on a fast-charging system in the urban environment with moderate and
flexible charging-power levels in the range between 22 kW and 100 kW per charging point. A
concept is to be shown on how such a charging park can be integrated into the existing
distribution networks using DC-Technologies, battery storage system and intelligent
automation.
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Overview of Fast-Charging Systems
General Design approaches
This section provides a brief overview of fast-charging stations available in the market. A fastcharging station is also called offboard charger since the necessary power electronics are
located outside the EV due to space and weight and cooling limitations inside the EV.
Therefore, offboard charger can realize high power levels and offer fast-charging capability.
The design concepts of the fast-charging stations differ depending on the number of charging
points (e.g. one or more) and the offered charging power. Figure 9 shows the generalized
structure of a fast-charging station. This essentially consists of a grid filter, a rectifier stage and
a DC-DC conversion stage, which is directly connected to the vehicle battery. As a rule, the
inverter stage operates in a boost mode to increase the DC-link voltage and thus reduce losses.
The DC-DC conversion stage controls the charging process.

Figure 9: Generalized fast-charging station

A major design restriction is provided by the standard for EV charging [2], where a galvanic
isolation between the EV battery and the electrical grid is demanded. This results in the two
different design philosophies depicted in Figure 10. Either a grid-frequency isolation
transformer at the AC side or an isolated DC-DC converter using a medium/high frequency
transformer is feasible. A grid frequency transformer requires more space and material, while
a medium/high frequency transformer is more compact and requires less material.

Figure 10: FCS galvanic isolation concepts (a) Line-frequency transformer (b) medium frequency transformer

Currently available 50 kW fast-charging stations are designed for a single charging spot. If
multiple charging points in the power range of 50 kW are desired, one charging station, as
depicted in Figure 11, needs to be installed for every charging point, resulting in a system with
many conversion stages and filter circuits connected to the low voltage AC grid.
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Figure 11: Multiple medium power fast-charging stations at a charging hot-spot

Looking at today’s high-power fast-charging stations at motorways, the design approach is
quite different. Recently built fast-charging stations at motorways in Europe deliver a power of
350 kW with usually six charging points [3]. Even systems delivering up to 450 kW charging
power have been presented [4]. However, a station with six charging points has a total peak
power demand of 2.1 MW. Since this exceeds the low-voltage grid capabilities, a medium
voltage grid connection is necessary. This means, that in addition to the charging station
converters a medium voltage transformer and switchgear is mandatory. The principle design is
shown Figure 12. A rectifier stage connects a medium voltage transformer and supplies a DC
bus. The DC-DC charging converters are connected to the common DC bus.
The grid connecting converters can be uni- or bidirectional. A cost effective solution is to use
a three-winding transformer together with a twelve-pulse diode rectifier, as used in railway
applications which only delivers unidirectional power from the grid to the vehicle. However,
this architecture does not allow the provision of additional ancillary grid services such as
voltage control support via reactive power delivery.

Figure 12: High power fast-charging station design

To conclude, while medium-power charging stations with 50 kW charging power are often
standalone solutions for a single (DC) charging point, high-power charging stations are
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designated for multiple charging points. There is currently no approach available that is capable
of providing multiple (>2) charging points with a power level in the range of 50 kW.
Occurring Issues with the Grid Integration of Fast-Charging Stations
Peak Power
As the number of electric vehicles increases, the requirements placed on the electrical power
grid increases as well. The additional energy quantity in the one-million-EV scenario is just
0.6% of the German energy production, and therefore the additional amount of energy is not
likely to be a problem in the coming years [5]. However, the additional charging power required
is problematic. This can quickly lead to networks and utilities being overloaded or the violation
of voltage limits [6–9]. The problem of high peak loads results from two different scenarios.
On the one hand, there is the aggregated peak load of many electric vehicles, such as can be
expected in the streets of residential areas. Households are supplied by a transformer, which is
not designed for the overall installed peak load, but for a lower output, since usually the entire
installed output is never called up. One measure of this is the diversity factor. Classical peak
loads occur, for example, in the evening, when residents come home from work. If additionally
every inhabitant charges its electric vehicle, overloads may occur. This can be remedied by
coordinated charging, which distributes the charging periods of the individual vehicles and
thus smooths the power requirement [6]. The power called up per vehicle during home charging
is in a range between 2.7 kW and 22 kW.
On the other hand, the low charging time requirement results in very high charging power when
fast charging electric vehicles. From the grid's point of view, the stochastically demanded
charging power is problematic, as the coordination of charging processes stands in contrast to
the planned use. Which means, that a fast-charging process can usually not be scheduled.
However, with certain price signals, the charging behavior of the users can be influenced to
shift it to low-load periods. Nevertheless, in dependence of the charging infrastructure density
and the demanded charging power by the users, an investment in the grid infrastructure might
be inevitable if a high number of fast-chargers is installed.
Harmonic Distortion
The interaction between the charging converters’ passive filter components and control loops
with the AC grid can become a complex problem since more power electronics is connected to
the AC grid. Therefore, new measures are required to describe and address this problem
sufficiently such that the grid stability is always ensured.
When power electronic devices are used, the power grid is increasingly burdened by harmonics
and harmonic distortion due to the nonlinear behavior of the converters. Corresponding passive
filter circuits can reduce this problem. However, passive filters cause additional losses and
require space and materials. Furthermore, passive filter elements shift the resonant frequency
in the network, increasing the risk of external excitation by another inverter [10]. In order to
better understand the cause and the countermeasures of these issues further investigations are
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necessary. Particularly with regard to hybrid AC/DC networks, a holistic approach of the
system stability is necessary.
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DC-Underlay grid for integration of Fast-Charging Stations
In the beginning of this report it is suggested that a charging power of approximately 50 kW is
sufficient for most of the future charging processes at supermarkets, theaters, sports facilities
and leisure facilities. The installation of multiple charging points with medium power level
using the available products would result in many single charging stations, as depicted in Figure
11, and might not be cost efficient. Therefore, it is proposed here to supply the charging
converters directly from a local DC grid, which is supplied by a variety of distribution
transformers (DT), as they are typically not fully utilized as it is presented in [11]. It can be
derived from a case study for the city of Gothenburg, Sweden that in average 25% of the
installed DT capacity is not used. As depicted in Figure 13 the meshing of the DTs using DC
technologies results in a DC underlay grid. If one DT is not capable of delivering the total
demanded peak power needed, a second neighboring DT with more spare capacity can be
connected to deliver the power.
The approach as depicted in Figure 13 is also conceivable for a spatially extended system. The
rectifier stages can be connected at the DT sites forming a local DC-underlay grid which
supplies a charging station or several charging stations at different locations.
The advantages of the proposed system can be multifarious and are elaborated within this
report.
 Bundling the spare capacities of existing
DTs to gain higher peak power
 Relieve and strengthen the existing AC
grid by allowing bidirectional power flow
and offering grid services
 Stationary battery integration for peak
shaving operation, boosting of charging
power and offering battery based grid
services
Depending on the use cases, the system can be
designed accordingly since different perspectives
need to be taken into account. Therefore, five
perspectives are introduced from which the
necessities and requirements of the system design
can be derived and described. The perspectives
are
 Automation
 Hybrid AC/DC Grid
 Power Electronics and DC underlay grid
 Battery Storage Systems
 EVs
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Figure 13: Coupling of DTs using a DC-underlay grid

Using a DC-underlay grid to couple DTs for higher peak power provision
The low voltage (LV) distribution grid is built as a string or as a loop network with open ring
structure and the DTs as the connecting elements between the LV and medium voltage (MV)
distribution grid. Typical LV grid structures are depicted in Figure 14. The installed DTs can
have power ratings of usually 250 kVA, 400kVA and 640 kVA depending on the planning basis
of the distribution grid operator. If the additional loads of electric vehicles were not foreseen
originally, the transformer load can exceed its rated capacity when a large number of charging
points is installed. In that case a new medium voltage connection by means of a transformer
and switchgear has to be installed, which causes additional costs and requires more space.
Especially in urban areas, space requirements can be critical.

Figure 14: Common low-voltage grid structures in the EU

One solution to this problem could be the meshing of the LV networks, distributing the needed
power over a larger grid area. This would also decrease the punctual loading of the overlying
medium voltage grid. However, meshing of the LV grid is complicated and requires additional
planning and calculation effort. Furthermore, an equal power sharing of the transformers may
not be achieved. Therefore, the meshing of the LV grid by using power electronics with a DCunderlay grid is proposed as depicted in Figure 15. This allows the power flow to be controlled
precisely, providing the opportunity to optimally supply the needed charging power through the
existing network.

Figure 15: Meshing of DTs using a DC underlay grid to enable high power charging
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The feasibility to intelligently mesh DTs is also dependent on the density of existing
connectable DTs and spare capacities in the charging site area. Therefore, the (fast-) charging
sites requires a thorough inspection of the installation site and the existing infrastructure. Insight
into the existing distribution network structure is therefore essential and requires the
collaboration of the distribution network operators already in the early planning phase.
Additional benefits may also result from the operational management of the system. The
interface converters to the AC grid can be built bidirectional allowing power flow in both
directions. Furthermore, reactive power can be controlled independent of active power,
allowing the DSO to optimize the power flow in both, the existing AC and DC underlay grid.
Here, the ownership structure of the DC-underlay grid and the regulations of the operational
management are an important topic that needs to be clarified. Depending on the ownership two
different application scenarios are conceivable.
In the first scenario the system is completely operated by a third party, which could be the
charging station operator. Suitable applications are a large fleet of electric vehicles, such as
delivery vehicles, care vehicles or maintenance vehicles. Besides the potential cost reduction
of the grid-connection an optimized energy purchase can be achieved by using a stationary
battery energy storage system (S-BESS) or bidirectional charging converters used to discharge
an EV to charge another EV. Further, the DC-underlay grid of the charging system can be used
to efficiently supply other systems like motors and pumps or complete buildings.
In the second scenario the DC underlay grid is operated by the DSO and only a DC connection
is provided for the charging system operators. The DSO could also be the charging system
operator. In that case, the underlay grid can be effectively used to actively support the
overlaying AC grid by means of active and reactive power flow. Further, an S-BESS can be
integrated easily to provide ancillary services.
Technical Challenges of the System
To obtain an overview of the different aspects that need to be considered, the system can be
divided into different technical parts or segments. These are the AC connection, involving the
AC-DC converters, the DC-underlay grid itself, and the DC-DC fast-charging converters.
Hybrid AC/DC Grids
The low-voltage AC grid is planned according to diversity factors that are based on the fact that
the total installed power is never retrieved all at once. Therefore, the rated power capacities are
designed to a statistically occurring maximum loading plus a power reserve for future expansion
and uncertainty factors. It can be assumed that during the planning phase the additional load of
charging stations was not considered. Therefore, like stated above, the electrical infrastructure
at a future charging side needs to be examined carefully.
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It is proposed that the system can dynamically adjust the drawn power from the DTs in
dependence of the actual DT loading avoiding an overloading and increasing the DT utilization.
Inherently, the additional AC loads are prioritized and thus, not affected by the charging
operations. If additional controllable loads are connected the prioritization can be negotiated by
for example prices or tariffs.
The drawn power can be split among the connected DTs reducing the local loading of the grid.
This requires the existing DTs to be equipped with a monitoring system. Having such a
technical feature, a load management system can be implemented allowing many different
application scenarios. If PV is installed within the low voltage grid area, the produced power
can be directly used for charging or can be transferred horizontally using the DC-underlay grid.
The proposed system therefore also contributes to the concept of decentralized generation and
consumption of energy.
The monitoring system is necessary to provide the controllers, both at the converter and system
level, with the required information for making control commands. This information includes
system currents, voltages and power flows – collectively referred to as states of the system. One
of the solutions for monitoring the DC underlay grid and the AC grid is through a state
estimation algorithm. The primary objective of state estimation in power systems is, as the
name implies, to estimate the state of the power system. State estimation also allows the
monitoring of system states with a limited number of measuring devices. With state estimation,
the grid operator can check if system constraints are being violated and quantify the power
losses in the system, allowing power flow optimization consequently.
Furthermore, a system-level control is also necessary for acceptable and optimal operation of
the DC underlay grid. The system level control is responsible for the following tasks:
1. Prevent overloading of the system.
2. Schedule resources to ensure enough supply for the charging demand.
3. Coordinate the operation of power converters at the interfaces of the DC underlay
grid and the AC grid, as well as battery storage units and charging points.
4. Determine the control set points in the system to prevent overloading and minimize
distribution losses.
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Figure 16. Schematic diagram of the hybrid AC-DC grid for fast-charging

Figure 16 shows a schematic diagram for the system-level control and monitoring system for
AC grids with a DC underlay grid. In building such systems, the following parameters must be
considered and studied:
- system topology
- the communication architecture for fast charging, i.e., distributed or centralized
- latency requirements from the study of grid dynamics
- requirements on communication protocols
- required communication and control devices
Future charging stations are required to offer the option to dynamically adjust the reactive
power displacement factor cos φ. This could be done by either a characteristic Q(U)- curve,
where the reactive power is adjusted according to the local measured voltage at the point of
common coupling (PCC) or by a set-point provided by the DSO. In the latter case, the voltage
may be sensed at the end of a LV feeder and the corresponding reactive power set-point to
regulate the voltage is sent to the charging station.
System Level Control
Figure 17 shows a flowchart for implementing voltage and power-flow control in a distribution
grid with distributed energy storage. The primary objective of the control is to prevent
20

violations of the voltage and loading limits in the system. This process can be adapted to and
implement for the hybrid AC/DC distribution system through the following adjustments:
 Using a hybrid AC/DC state-estimation or power-flow algorithm to do the following:
o check for possible voltage and loading violations in the system given a set of
measurements
o forecast the voltages and power-flows in the system when a certain control action
is completed
 Using the converters in the underlay DC grid to control the voltage in the AC and DC
segments of the grid.
This system-level control can be implemented in a centralized manner, where a single
supervisory controller performs the algorithm. This implementation is suggested for the basic
study of the underlay DC grid. Implementing the system-level control in a decentralized or
distributed manner is also possible. These implementations are suitable for large systems where
the communication and calculation may present a big burden for a centralized controller, and
where are limitations regarding system data.
As a further research step, power-flow optimization can be integrated into the system-level
control for the hybrid AC-DC grid. In this case, the main objective of the system-level control
is to minimize cost or power losses while treating the limits in voltage and power-flow as
optimization constraints.
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Figure 17. Voltage and power-flow coordination in distribution grids [17]

State Estimation
State-estimation estimates the voltages and power-flows in the system from a given set of
measurements. From the estimates, the system-level control can check for violations in the
system voltages and power-flows. With the introduction of the DC underlay grid, the grid has
a mix of AC and DC segments, and therefore a hybrid AC/DC state estimation is necessary.
Several hybrid AC/DC state-estimation approaches are proposed in literature. Reference [18]
provides a review of a number of these algorithms. The algorithms are classified as either linear
or non-linear, and either centralized or decentralized. The linearity of the method will be based
on the measurements available to the algorithm. Consequently, the kind of measurement
devices (e.g., simple transducers or phasor measurement units (PMUs) available in the system
also affect the applicability of state-estimation algorithms to the investigated grid.
For the initial studies of the DC underlay grid, it is enough to use a centralized state-estimation
algorithm and control methods that are similar to those discussed in references [19] and [20].
However, it is expected to have many DC underlay grids in the future to support the demand
for fast-charging. In this future scenario, there will be many converters that need to be
coordinated. Using centralized state-estimation and control algorithms for this scenario will
present a heavy computational and communication burden to the system. Using decentralized
algorithms will reduce this burden. Therefore, the application of decentralized algorithms
should be investigated for the future.
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AC-DC Converter Control
To implement the solutions determined by the system-level control, the converter controller
should include a voltage control loop and a current control loop as shown in Figure 18 [21].An
example implementation of the control is shown in Figure 19. As can be see, the voltage control
loop is implemented using a proportional-integral (PI) controller and the current control loop is
implemented using a hysteresis-based PWM [22]. This example implementation can be studied
initially for the underlay DC grid. However, there are a lot of other implementations for the
current control loop in the literature [23]. Further studies can be done to determine an optimal
choice of controllers given the controllers’ cost, stability requirements, and speed.

Figure 18. Control for AC-DC converter in the underlay grid
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Figure 19. Hysteresis-based converter control [22]

Small-signal Stability
In addition to a system-level control that determines the converter operating points, the system
also needs a system-level control that maintains the small-signal stability of the system. Smallsignal stability is the ability of a system to remain stable following small perturbations such as
small changes in the load and in some circuit parameters. Instability in this sense means that
small perturbations in the system will lead to large voltage or current fluctuations that will
eventually activate the system protection.
Small-signal stability must be considered in the design of the power converters, the converter
filters, and the control system. In this light, instability in the hybrid AC/DC grid can arise due
to the changes in the following factors [24, 25]:
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Control parameters (e.g. proportional gain in PI controllers, the connection of new
converters with feedback control)
Droop constants used in the converters
Load parameters
Line inductance
System topology

The hybrid AC/DC grid must be able to handle these changes without becoming unstable.
For DC grids, a comprehensive review of the design criteria considering the small-signal
stability is presented in reference [24]. The reviewed criteria are listed as follows:
 Middlebrook criterion
 Gain and Phase Margin Criterion
 Opposing Argument Criterion
 Energy Source Analysis Consortium (ESAC) Criterion
 Three-Step Impedance Criterion
 Passivity-Based Stability Criterion
Any of these criteria can be used to design a stable underlay DC grid. However, it is
recommended to initially use the passivity-based criteria for the underlay DC grid for its
simplicity in handling different types of converter and filter designs. Furthermore, the passivitybased criterion can also be used for evaluating the stability in AC grids.
Figure 20 shows an example underlay DC grid from reference [21] with a stabilizing control to
maintain small-signal stability. The system uses an additional DC stabilizer to implement the
control. This DC stabilizer can be a physical converter connected to an energy storage device
[21]. In this example, the grid stability is evaluated using the frequency response of charging
station terminal. If the stability evaluation shows that the system stability must be improved,
then the stabilizing control modifies the virtual impedance across the terminals of the charging
station, in such a way that the stability margins increase.
Implementing a relatively simple stabilizer, similar to the one used in Figure 20, would be
enough for the DC underlay grid as an initial step. However, further studies should improve the
stabilization control for the following reasons:
 to avoid the additional cost of hardware;
 to be able to handle changes in the parameters of the network-level control; and
 to be able to assess small-signal stability without the exact knowledge of the converterlevel control, which may be proprietary.
The stabilization control can also be improved through the new methods for online grid
impedance measurements proposed in recent studies [26–28]. The online grid impedance
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measurements are used for monitoring the stability on both AC and DC segments of the grid
under dynamic grid conditions. These kind of measurements will be especially useful for future
scenarios where many controllable power converters will be present in the grid due to the
integration of renewable energy systems.

Figure 20. Example AC distribution feeders connected via a multiterminal DC link [21]

Service Restoration after a fault
The DC underlay grid may be used for restoring energy to some parts of the grid following a
fault. In this scenario, the operation of the underlay DC grid must be coordinated with the AC
protection relays. An illustrative service restoration procedure for the system is shown in Figure
20[21]. The procedure involves fault detection (detection of fault 2), protection response
(opening of CB1 and CB2), change of control mode of the islanding converter (VSC 3),
synchronization after the fault is cleared, and return to the normal control mode of the islanding
converter. A similar procedure can be used for the DC underlay grid which is used for fastcharging of vehicles. In addition, further research may be done to optimize the location of the
connection of the AC grid and DC underlay grid. In this process, the traffic flow and demand
for fast-charging are to be considered.
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Electric vehicles
Optimizing the operation of a smart grid will require knowledge about the fast-charging
demand. For this purpose, it would be necessary for EVs to communicate their battery’s stateof-charge and charging profiles to the grid operator before the charging happens. Also, future
market operators should be able to send the price of charging to the EVs. This communication
will be necessary should dynamic pricing be used to influence the charging patterns of EV
users. Furthermore, forecasting the demand for fast-charging will help grid operators to provide
more appropriate pricing schedules to charging operators and EV users.
DC-Underlay Grid
The choice of the DC line voltage is important since besides the efficiency also the isolation
and protection as well as the converters are affected. The voltage of the DC line is desired to be
750 V as it is already a standardized voltage in light traction systems like metros and trams. In
light traction systems the substations feeding the catenary are usually placed at an average
distance of 1 km. The distance of connectable DTs between each other is expected to be similar.
Due to the high and fluctuating load in a light rail system the DC catenary is supplied from two
sides by unidirectional passive diode-rectifier units connected to the MV grid. Therefore, the
voltage in the system is not constant and is allowed to change +20 -30% of the nominal voltage
depending on the actual loading. Further, this system does not rely on communication
infrastructure. Unlike in the traction system, where the supply voltage is always higher than the
DC line voltage, boost converters are necessary to establish the DC voltage of 750 V out of a
400 V AC network. If three-phase PWM IGBT converters are used, a bidirectional power flow
and independent control of active and reactive power is inherently given. At least the latter is
currently proposed to be mandatory for charging system operation [12]. Further, the choice of
the DC line voltage is affected by the availability of semiconductors and utilization of the
semiconductor blocking voltage. Here, 1.2 kV IGBTs can be used that are available for a variety
of current ratings. Moreover, the isolation capabilities of commercially available cables have to
be considered. Finally, the overall efficiency is also determined by the voltage level because
the conduction losses are proportional to the square of the current when constant power is
assumed. Also the design of the DC-DC charging converters is affected by the DC voltage
selection.
Apart from the voltage level, the type of grid-structure also needs to be selected carefully. The
DC-underlay grid that connects the DTs and the fast-charging converters can be either unipolar
or bipolar, as depicted in Figure 21. The unipolar topology has a pair of two conductors with
different polarity providing a voltage level of VDC. The bipolar systems consists of three
conductors, a positive pole, a negative pole and a neutral terminal providing three voltage levels
+VDC/2, -VDC/2 and VDC. The advantages of a bipolar grid are higher redundancy, different
voltage levels and operability during a line-to-ground fault of a single pole. A difficulty,
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however, is the imbalance of the voltages when unbalanced loads are connected. Thus, special
converter topologies, such as 3L-NPC, or voltage balancer circuits are needed.

Figure 21: DC grid configurations a) unipolar b) bipolar

The AC grid interface converters are supposed to be three-phase PWM AC-DC converters. The
conceivable topologies are numerous. However, since the system imposes only low voltages
two- or three level converter topologies, as depicted in Figure 22, are sufficient since they are
less complex and incorporate only a low number of semiconductors. The three-level converters
also offer the capability to actively balance the mid-point voltage in a bipolar DC grid with a
mid-point conductor. Therefore, the connection of unbalanced loads is not critical. A grid filter
is also mandatory. The power rating and voltage levels on both AC and DC side correspond to
PV-converters, which are widely used and mass produced. Therefore, this can be a costeffective solution.

Figure 22: Suitable AC-DC Converter Topologies
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Control Methods
The basic control logic relies on the regulation of the DC voltage in the system. The charging
converters that are connected to the DC grid can be considered as a constant power load.
Therefore, the charging power is determined by the charging converter and the EV only. If
power is drawn by a charging converter, the DC voltage will drop due to the higher current
flowing. When this DC voltage drop is noticed by the AC-DC converters they will increase the
current until the voltage is returned to the nominal voltage.
Control concepts that provide power sharing of the AC-DC converters and control the DC
voltage are widely discussed in the literature for DC microgrids control. Since the proposed
system can also be considered as a DC microgrid the control concepts are similar. Two different
control concepts can be identified.
The first concept is the droop control (or virtual resistor) that does not rely on high speed
communication between the converter units. The adjustment of the droop parameters requires
a good knowledge of the system and the operation. The quality of power sharing and voltage
deviation are two opposing characteristics and depend also on the measurement of the DC
voltages. Further, the online adjustment of the maximum converter power depending on the
transformer loading directly affects the overall current sharing of the converters and needs to
be further analyzed.
The second concept is Master/Slave control. Where only one converter at the time contributes
to the DC voltage regulation. The power sharing of the converters in dependence on the
transformer loading can be easily achieved. A fast and reliable communication is necessary.
The effect of delays in the communication as well as unstable communication or temporary
failures have to be considered. A detailed analysis is necessary.
Grounding & Protection
The grounding concepts are a critical issue for the protection of DC based systems. Different
grounding options come with different fault characteristics and influence the configuration and
setting of the protection. In hybrid AC/DC grids, the grounding concepts of the existing AC
and the future DC grid have to be coordinated. Further, the choice of the converter topology is
influenced by the grounding scheme.
In low voltage AC grids three grounding concepts are known which are defined in the IEC
60364 standard. The three concepts are TN, TT and IT grounding are shown in Figure 23.

Figure 23: Grounding Concepts
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In dependence on the grounding concept, an isolation of the DC grid can be mandatory to fulfill
the requirement of the European Low Voltage Directive, LVD 2006/95/EC [13]. The directive
specifies that in a DC grid system either the positive or the negative DC bus should be grounded
to ensure the safety of the personnel, see Figure 21. When applying this rule, a direct connection
of an active front-end with a distribution transformer in TT or TN configuration will lead to a
permanent short-circuit fault when the positive or negative DC bus is grounded.
Leaving the transformer grounding untouched, an isolation transformer or a galvanically
isolated AC-DC converter by means of a solid-state transformer is mandatory when solid
grounding of the DC bus is desired, as depicted in Figure 24. Besides a low impedance
grounding novel grounding concepts exist, such as diode grounding or capacitive grounding.
The possible grounding concepts of hybrid AC\DC grids are briefly reviewed in Table 1.

Figure 24: AC-DC connection using a a) line-frequency transformer b) Solid-state transformer

Since the TN structure is most commonly used in the European low-voltage grid, an additional
galvanic isolation is required to span a DC underlay grid between the DTs. As space, weight
and materials are limited, the usage of a solid-state transformer involving an isolated DC-DC
converter is proposed here. Besides the type of the AC grid network, the grounding scheme
depends on converter configuration and the DC bus voltage level.
AC\DC
TT
TN

IT

IT

TN

TT

- Normal operation possible, but a ground
fault at the DC side leads to a short
circuit fault
- Human body current depends on loop
impedance (Limits: 35 mA IEC 604791)
- Failure may not be detected by AC-side
when the failure happens downstream
- DC protection devices needed

- Normal operation not possible
- Solid grounding leads to a permanent
short circuit fault

- Normal operation possible
- Fault current could enter the converter
system through filter capacitors and
stray capacitors
- No clear mechanism to detect fault
currents

- Normal operation possible
- monopolar solid grounded DC bus: the
fault current depends on the
impedance loop
- bipolar mid-point grounded DC bus:
the fault current is reduced due to half
of the DC voltage is exposed to the
human body

Table 1: Hybrid AC/DC grounding concepts
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To conclude, the grounding concepts are a critical part of the system design since different
components are influenced. However, in this application scenario grounding of the DC underlay
grid might be mandatory. Therefore, leaving the LV AC grid grounding scheme untouched, the DC
underlay grid needs to be galvanically isolated. This results in a need for research on inverter
topologies that rectify the AC efficiently while providing galvanic isolation. Further, the effect of
different grounding schemes of the DC underlay grid needs to be evaluated in more detail.

DC-DC Charging Converter
The DC-DC charging converter system is the most important element of the fast-charging
infrastructure for supplying a vast power for fast-charging hot-spots.
The requirements for the converter design can be derived from the battery technology that is
used in the EVs [5]. Today’s EVs use a 400 V battery system while the next generation EVs
tends to use an 800 V battery system. Therefore, the output voltage range of the charging
converter needs to be between 100 V and 950 V. However, since the battery voltages are either
corresponding to the 400 V system or the 800 V system, it is proposed to design an isolated
DC-DC power electronic building block (PEBB) that can be either connected in parallel to cope
with the 400 V system or can be connected in series for the 800 V battery systems, as depicted
in Figure 26. In terms of efficiency, the partial load efficiency can also be increased depending
on the rated power of the DC-DC converter modules. It is to identify suitable power ratings for
each module, considering the detailed charging behavior of the battery. Further, if the
converters are installed in a central manner and can be connected flexible in series or parallel
at the output side, the offered output power can be flexible. This ensures optimum utilization
of the installed power electronics. In addition, various charging power levels can be offered to
customers. Overall, the advantages of a modular central design can be summarized:
 Performance-oriented
 High redundancy
 High partial load efficiency
 Reduced cooling effort
 Easy scalable
However, a suitable isolated topology has to be identified, a schematic structure of the charging
converter system is depicted in Figure 25.
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Figure 25: Modular, scalable DC-DC charging converter system for a fast-charging station

Figure 26: Parallel and series connection of galvanically isolated charging converter

Automation System
The automation system in the DC-underlay grid would be responsible for aggregation of
measurement, monitoring, and implementation of control schemes. The automation system
envisioned for the DC underlay grid is composed of measurement devices, a communication
infrastructure (for data acquisition and control), and a central controller that performs stateestimation and system-level control.
Measurement devices
The measurement of current, voltage, and power magnitude can be done by traditional methods
such as transducers, current transformers/voltage transformers or voltage dividers. However,
the measurement from the converter controllers in the DC-DC charger or AC-DC converters
can be used for active power measurements. Making use of the measurements from the
controllers cuts the installation cost of communication and measurement infrastructure in
remote areas.
Furthermore, as discussed in the previous section, the DC underlay grid can be connected to
multiple DTs to achieve higher grid capacity. The presence of multiple DTs and bi-directional
power flows from the load and presence of monitoring will demand a monitoring algorithm. In
power systems, one of the traditional approaches to monitor the grid condition is state
estimation. The objective of state estimation is to give accurate estimates of the state of the
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power system by minimizing the influence of measurement errors. One of the ways to increase
the accuracy of monitoring would be the installation of measuring units at the boundary buses
benefiting from the fact that the active power loss at the boundary buses can be calculated [14].
Communication Infrastructure
The communication protocol in the automation system is decided by limiting factors such as
data bandwidth, data latency and geographical area of the DC underlay grid. The bandwidth for
the electric vehicle (EV) communication infrastructure between the charging station and the
grid utility is estimated between 9.6 and 56 kb/s [15]. However, these estimates are calculated
for load balancing and billing purposes. The automation system for the DC underlay grid would
demand a larger bandwidth. The additional bandwidth is due to additional factors such as
reporting measurements to the control centre and coordinating the control actions between
multiple nodes.
Moreover, the DC underlay grid would be spread over a large geographical area. Hence,
communication technology such as Zigbee and wireless hotspots (Wi-Fi) are not applicable due
to its limited range of 100 m. Among the following communication technologies listed in [15],
the technologies suitable for the DC underlay cables seem to be Power Line
Communication(PLC) and cellular networks. PLC is a communication technology that
transmits data over power cables. In the case of the DC-underlay grid, the PLC could be used
for transferring data over the power line. The PLC is widely used in the automotive industry
for in-vehicle network communication of data, voice, music and video signals over direct
current (DC) battery powered line. The SAE J1772 standard connectors for plug-in electric
vehicles provides an option to use power line communication between the car, off-board
charging station, and the smart grid, without requiring an additional pin. The HomePlug is a
name for various power line communications specifications under the HomePlug designation.
The HomePlug technology [16] is a high-speed broadband communication over low-voltage
power lines. The HomePlug network has a theoretical maximum data rate of 14 Mb/s, and it is
faster than cellular data. The HomePlug technology can be installed during the installation of
the power cable. The HomePlug technology are directly connected to the electrical wiring and
designed to transmit with the maximum allowed transmit power spectral density on each
frequency, hence they are not sensitive to battery supply. In 2011, the HomePlug Green PHY
specification was adopted by Ford, General Motors, Audi, BMW, Daimler, Porsche, and
Volkswagen, as a connectivity standard for Plug-In Electrical Vehicle as well [4]. However,
the extension of the bandwidth of the HomePlug technology would be financially expensive
due to installation costs.
The cellular network is another option for communication between charging stations and the
control centre since it is already existing infrastructure and it is a scalable technology. The
bandwidth of the communication device could be a factor in deciding for cellular technology
for the communication infrastructure.
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Stationary Battery Storages in Fast-Charging Stations
Fast-chargers handle large power flows with highly stochastic load patterns as vehicles may
arrive at any given moment. Introducing storages in such a setup gives the operator of the
charging station some control over the power flow from the grid. The benefits provided by such
a stationary battery energy storage system (S-BESS) can be split up into two major categories
“Improved charging performance” and “Additional grid services”. An overview of the benefits
in the scope of this research are presented in Table 2.
Improved charging performance

Additional grid services

Reduction of peak loads on the grid
by buffering from the battery2

Arbitrage trading by charging during
low-price hours

Supply of higher charging power
than the available grid connection
again by buffering from the battery3

Continued supply during power cuts
and in islanding operation4

Utilization of locally generated
energy such as a PV plant5

Balancing services such as Primary
or Secondary Control Reserve6

Table 2: Potential benefits to an S-BESS may provide to a fast charging station

All of the above-mentioned benefits require a host of technical and regulatory challenges to be
tackled. The benefits are outlined in the following paragraphs. Subsequently a section follows
where the linked technical challenges are outlined.
Peak-load reduction
Peak load reduction means that the maximum power retrieved from the grid is reduced
by supplying the load from the battery in times of high usage. Economically this is beneficial
as a grid operator will typically charge grid usage both in terms of energy consumption as well
as the maximum power in kW or MW consumed over the year. Reducing peak power thus leads
to reduced power consumption fees, which especially for high-power, low-energy applications
such as fast-chargers can make a substantial difference for infrastructure operators. See Figure
27 for a visualisation of the impact. On the technical side a lower peak usage of the fast-charger
reduces peak stress loading of the electrical equipment. For the user, peak load reduction ideally
is unnoticeable and does not influence the service received.

2

peak by Jugalbandi from the Noun Project
Transformer by Marco Olgio from the Noun Project
4
island by Daniela Baptista from the Noun Project
5
solar panel by Luis Prado from the Noun Project
6
balance by Mani Cheng from the Noun Project
3
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Power demand vehicle
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Shifted power

Power for grid fee calculation

Figure 27: Visualisation of relevant power for power fee calculation

Grid Power

Grid Power

Provision of higher charging power
Especially in rural locations or in already loaded distribution grids, the supply of power
to a fast-charging station may result in grid extensions being required to cover the high power
demand. Figure 28 visualizes how a power demand could exceed the limitations of the power
grid and how an S-BESS could prevent such an overload. Similarly, a grid operator may only
allow limited ramping of the charging power. The electric vehicle could thus not be charged at
ideal conditions in the beginning of the charging process. This obstacle may be overcome by
using a stationary battery, which allows the vehicle to charge with a maximum power of the
combination of grid capacity and stationary battery capacity without need to consider ramping
rates. This way, grid extensions can be avoided or delayed while offering the full service of
high charging power to users.

Time
Power demand vehicle

Time

Shifted power

Grid limitation

Figure 28: Visualisation of how S-BESS help a fast-charging station in remaining within power limits of the grid connection

Consumption of locally generated energy
Renewable energy produced locally may be used for charging the electric vehicles. This
makes using an electric vehicle “greener” and possibly lowers load on the grid in general. As
renewable power is typically intermittent, an energy storage is required to decouple generation
and consumption times. An S-BESS allows for this function. See Figure 29 for a visualisation
of the issue.
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Figure 29: Visualisation of how consumption can be matched to renewable generation
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Grid Power

Arbitrage trading and charging
Purchasing electricity when it is cheap to charge the storage may reduce electricity
costs of the station. The charged energy could be either used solely for the supply of vehicles
or to discharge at periods of extremely high prices. Figure 30 shows how an S-BESS can take
over supply of the load during high-price periods and thus reduce or eliminate power
consumption from the grid.

Time
Power demand vehicle

Time

Shifted power

High price period

Figure 30: Visualisation of arbitrage trading by S-BESS

Continued supply during power cuts and island operation
Should the power grid fail, it is possible that the battery supplies the whole operation
of either only the power charger or possibly even other devices connected to the network. Given
the power demands of fast-charging stations, it appears unreasonable to size a battery such that
it can sustain the system for extensive periods of time. Hence, the focus should lie on how short
voltage or power dips of up to a few minutes, e.g. due to sudden loss of generation, could be
managed by an S-BESS. For an example of how a battery could act as emergency power supply
and supply an island network, see Figure 31.
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Figure 31: Visualisation of S-BESS operating as emergency power supply

Balancing services
A typical application of balancing services fulfilled by S-BESS is primary control
reserve where the system on the short term balances supply and demand in the power grid.
Seeing that charging patterns are extremely stochastic, it would require advanced strategies to
be able to deliver such a service. It is likely that a combination of primary control reserve and
a more general algorithm ensuring that scheduled and actual power consumption of the fastcharging station are in line will be necessary. For this to be reasonable, the power consumption
of the chargers would need to be predictable, e.g. a charger that recharges vehicles overnight
and has flexibility in when power is delivered. Longer-term balancing services such as
secondary control reserve on the other hand pose further challenges, most notably the capacity
of the connected stationary battery.
Providing the above-mentioned services poses challenges for stakeholders and component
manufacturers, which shall be outlined in the following.
Automation
The battery system is responsible for bi-directional power flow in the grid; hence, the battery
system parameters should be monitored for grid control, grid stability and grid forecasting. The
monitoring system requires current and voltage measurement at the terminal of the battery,
which enables tracking the power flow. The State Of Charge (SOC) of the battery could be an
extra parameter, which would improve the grid forecasting parameter.
The communication of the electrical measurements from the battery system could be either
directly from the battery management system or in the decentralized approach an agent could
collect the electrical measurements.
Grid Integration
From the AC-grid side, the presence of an S-BESS generally means grid relief and should thus
be seen as an opportunity. Independent of concrete strategy, peaks are reduced and the
consumption patterns tend to become more regular. This results in typically lower peak power
36

used which either reduces loading on existing hardware or prevents new installations. The
impact on the total amount of energy transferred through the connection depends on the strategy
chosen. Consumption of locally produced energy reduces total amount of transferred energy.
Balancing power and arbitrage are likely to increase the energy transfer as non-charging-related
energy flows occur. All other strategies likely have little to no impact on the total amount of
energy transferred.
If the S-BESS should provide balancing services, the necessary communication infrastructure
must be installed. Further, the grid operator must perform the prequalification procedure of the
system. Minimum power and energy constraints for the participation in balancing service
markets mean that many fast-charging stations would be grouped together which increases the
effort required in the prequalification procedure.
Stationary Battery DC-DC Converter
The integration of the battery storage into the DC-underlay grid is achieved by means of a
bidirectional DC-DC converter. The specifications and the topology of the converter are not
only dependent on the requirements of the DC underlay grid but also of the batteries itself.
When second-life EV batteries are used for the stationary energy storage system, basically the
same DC-DC converters can be used as for the fast-charging station in Figure 25. The scalable
and modular approach, reduces the overall system and operating costs. In dependence on the
operation strategy the BSS will often work under partial load efficiency, which is not ideal from
the efficiency point of view. With the modular approach depicted in Figure 33 the partial load
efficiency can be increased when a power dependent operation of the converter modules is
applied as shown in Figure 32.

Figure 32: Increasing partial load efficiency with modular
converter design

Figure 33: Modular battery converter system
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Battery Storage System
When designing an S-BESS, various aspects must be considered such as cell chemistry, battery
management system, hazard protection, and infrastructure. Some of these are similar across all
applications. The battery management system for instance balances the aging of the cells,
ensure overload protection and perform other fundamental safety operations. Hazard protection
typically focusses on prevention of fires or leakages of (poisonous) materials into the
environment. As these tasks are quite fundamental and have been studied in great detail already,
they will not be considered in this section.
Cell chemistry

Infrastructure / strategy

Good calendar aging
Few, high-power cycles →
High power/energy ratio
High average state of charge

Prediction of expected consumption
Recharging strategy could be optimized to
activate when electricity prices are cheap
requiring price predictions

Deep cycles
Relatively few cycles (~250
cyc/a)
Low power/energy ratio
necessary

Weather and generation forecasts to ensure
sufficient available empty capacity to store
the generated electricity.

Arbitrage

Many, deep cycles requiring
good cycle aging
performance
Low power/energy ratio
necessary

Price prediction
Arbitrage trading algorithm able to handle
insecurity
Good model of aging to not overuse battery

Islanding

Power/energy ratio depends
on islanded time duration to
cover
High power required to
cover the full demand

Strategies and (frequency) sensors for
resynchronisation as grid comes back online
Power ramping upon sudden outage
Vehicle communication to indicate lower
charging power due to S-BESS constraints

Many small cycles
Power/energy ratio depends
on service offered

Possibly dedicated line to grid operator
Active recharging strategy
Local frequency measurement

Peak
reduction

Higher
power

Local
energy

Balancing
Power

Table 3: Cell chemistry and infrastructure / strategy requirements for an S-BESS when delivering services.

The aspects which do differ by usage type are cell chemistry, infrastructure requirements and
strategy. Infrastructure here refers to both local technical infrastructure as well as digital
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infrastructure. Table 3 gives a qualitative overview of the different requirements in terms of
cell chemistry as well as infrastructure and strategy for the individual benefits.
Electric vehicles
Electric vehicles in most cases are unaffected by the presence of a S-BESS and can recharge
the same way they normally would. Some limitations could occur in the following scenarios:
- The S-BESS is used for peak reduction, high power charging, or arbitrage trading it will
be at low state of charge during some periods. If the system either did not have sufficient
time to recharge or intentionally did not recharge (e.g. because it was not expecting new
arrivals and waiting for better prices), the available charging power is limited to the
power of the grid connection and cannot be boosted by the S-BESS.
- In case of grid outages, it is possible that the S-BESS does not have sufficient power to
continue supply at the full charging power of the vehicles connected. Especially if the
grid connection point has significantly more power than the battery, a slower charging
process for the vehicles would be the result.
To handle such scenarios, the vehicles must be able to adapt charging power to the one set by
the station during the charging process. This is a typical requirement in smart grid scenarios
and has thus been theorized, but is not common practice outside of trials yet.
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Test Setup System for Fast-Charging Stations
Fast-charging stations for electric vehicles must comply with a number of grid norms and
regulations to ensure a smooth operation. On the grid side it must be shown that the values for
the permissible harmonic content caused by the power electronics correspond to the limit
values. These regulatory limits must be observed in all load situations of the fast-charging
station. It must also be checked whether switching operations cause a rapid change in voltage.
Further, future fast-charging stations must offer the capability to dynamically adjust the reactive
power according a set points or a programmed curve. In general, using a grid emulator, the fastcharging stations can be tested for a large variety of scenarios and grid conditions. Especially
the compliance with grid codes is an essential feature of this investigation. On the other hand,
it is of interest how the battery converter interacts with the vehicles battery. For this purpose a
battery emulator can be used which can simulate the electrical behavior of a EVs battery during
charging operation. This setup could also be operated with an actual battery instead of a battery
converter. A real battery may serve two purposes: If battery models are available for the battery
emulator, the real battery can be used to verify the accurate implementation of the model in the
given context. If no model is available or the model used is inaccurate, the real battery can be
used to create/improve the model. This idea can be further extended if the behavior of different
battery types should be emulated requiring only sufficient real “models”. Performing
(extensive) testing of various battery types might be necessary as small changes in cell
chemistry or usage pattern sometimes lead to unexpected behaviors of the overall battery
system. Once such a database of battery parameters in the specific context has been created,
different topologies for the fast charging support system could be tested in a “plug-and-play”
manner by simply interchanging the emulator parameters.
A true advantage of this test bench setup is the energy feedback. In this way, high charging
power can be achieved without the need to actually supply this amount of power. Only the
losses that occur have to be supplied by a smaller rated power supply. With the planed setup
fast-charging stations with up to 500 kVA can be tested. In addition, the test bench can also be
configured to test individual components such as grid inverters or DC-DC converters up to full
load. The structure of the test bench is depicted in Figure 35.

Figure 34: Power hardware in the loop test bench for fast-charging stations
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A test setup for the presented concept of a DC underlay grid to couple DTs with a DC grid is
presented in Figure 13. The System from Figure 35 is extended by a second grid emulator, to
also simulate different grid conditions at the points of common coupling.

Figure 35: PHIL test setup for the proposed DC underlay grid for fast-charging application
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Conclusion
The investigations at the beginning of the report shows that charging capacities per charging
point in public and semi-public spaces in urban areas should range between 50 kW and 100 kW
per charging point. With 75 kW charging power, a range of 60 km can be refueled in 15 minutes.
This investigation serves as a basis for the dimensioning of future charging parks. The
investigation of the available charging technology has shown that further improvements are
possible in terms of efficiency and cost. Since the charging power of future charging parks can
cause an overload in the grid, an approach has been shown with which several grid connection
points can be intelligently coupled in order to be able to provide a higher charging power
without simultaneously overloading the grid. The solution presented here can also be used for
grid services, as existing low-voltage grids can now be relieved by a possible horizontal energy
flow. In addition, the provided DC interface can be used to integrate PV systems or future DCbased buildings. The integration of stationary battery storage systems also appears to be useful
in combination with fast-charging stations. In addition to lower the grid peak loading with a
battery storage, additional functionalities of the storage are also conceivable.
The first technical analysis has shown that this system can basically be implemented today.
However, the in-depth analysis revealed that further specific points require research effort. The
areas are covered by the power electronics, which represent the key element, as well as the
necessary protection concepts, operational management and automation.
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