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concrete method on when to charge at a certain charging station
with a certain charging rate is required.
There are a large number of technical and environmental restrictions, which could inhibit the execution of the desired charging
processes. These could, for example, be the restrictions or unforeseen controls of the charging rate by the connector or the charging
station, the state of charge of the battery, the remaining driving
range compared to the distance to the charging point or other driverrelated reasons to not perform a charging process as planned. In
order to face these countless variables, a certain scope for decisions
(different charging performance options with different rewards per
unit of time) should provide a starting point for incentives in order
to charge more grid-friendly. A power grid operator can individually determine the type and level of incentives (e.g. by adjusting
grid usage fees) for different grids without having to reveal the
concrete cause of a grid situation that needs to be addressed. For
these reasons, the concept of providing ancillary service to improve
individual grid situations would be a sensible supplement to an
incentive scheme based on rigid threshold values.
This paper presents a new concept, the so-called Reward Scheme,
where individual incentives are created for the selective execution
of future charging processes of different charging rates. The reward
scheme thus provides a forecasted reward for planning of charging
processes in a grid-friendly way. The Reward Scheme take into account various grid situations and the resulting compensation effects
required through power adjustment (different charging rates). All
of this is done while at the same time the business secrets of the
grid operators like grid topology, concrete PQ issues or control
strategies are not publicly revealed. The paper also suggest a calculation method for the Reward Scheme using a simulation driven
model.
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EN50160, DSOs in Europe must operate their power grid within
certain frequency, voltage level, waveform and voltage balance
boundaries.
The Open Smart Charging Protocol2 (OSCP) is the only open
source protocol that describes the data flow between a DSO and a
Charging Service Provider (CSP). Using this protocol the CSP can obtain forecasts about the available feeder line capacity of a charging
station at its connection point to the distribution power grid. The
DSO orchestrates the usage of the overall available cable capacity
within its power grid. The model behind the OSCP is only based
on upper power capacity limitations, hence the charging station
is not allowed to exceed the assigned threshold. With increasing
number of distributed renewable energy sources the necessity to
have a lower power capacity limit to charging stations arises due
to overvoltage. Additionally, apart from hard-cut limitations a stepwise categorization of different options is needed to guide EVs to
different locations in the same or different grid sections, where the
charging process is more grid-friendly.
Besides these protocols several algorithms are proposed in literature to enable EV charging on smart grids without overloading power supply assets [4, 5, 27], violating voltage level limitations [6, 9] or to find the equilibrium between power supply and
demand [24]. Most of them propose reactive negotiation mechanisms between ongoing charging processes to stay below predefined thresholds. Furthermore, the locations of the EV charging
processes are fixed. The Reward Scheme, proposed in this paper,
focuses on the proactive part similar like OSCP, where the EV user
can even be guided to different locations in order to support the
distribution power grid.

3

GRID-FRIENDLY EV CHARGING REWARD

Most research work [23–26] defines the flexibility in the power grid
as the available energy in the grid in terms of imbalance between the
supply and demand. The ES or the Transmission System Operator
(TSO) sends such flexibility as a price signal to their customers.
Especially big power consumers, like data centers [3, 16, 22], will
react accordingly to the price signal with the goal of decreasing
their overall energy costs. Demand response protocols, for example
OpenADR1 , are used to establish such communication between the
grid operators and the consumers. However, demand response does
not consider the concerns of the DSO significantly since the DSO is
working as the infrastructure provider and its main responsibility
is to maintain the electricity supply to the consumers. In the grid
of the DSO, electricity flow is limited by physical constraints from
the used grid elements (e.g transformer and line limits) and other
PQ parameters such as the voltage level. According to the standard

The basic idea of the concept is to reward grid-friendly EV charging
behavior in order to avoid undesirable grid situations, like under/overvoltage, asset overloading or other power quality and grid
stability issues, in a proactive way. The Reward Scheme, therefore, is
used to provide information about available charging rates (in kW)
and their corresponding grid-friendliness factor forecasted over
time at a specific charging spot (at the grid connection point). The
grid-friendliness factor is used to derive potential penalty or reward
according to an offer, which acts as an incentive for performing a
certain charging process. In order to realize this kind of relationship,
a contract must be concluded beforehand. A possible user of the
Reward Scheme is the CSP. In this paper, the CSP is defined as
an entity, which is responsible for operation, management, and
maintenance of charging stations. The CSP negotiates a contract
with the DSO, stating which rewards or penalties will be received or
have to be paid in the event of non-fulfillment of certain promised
actions. The CSP can then include the grid-friendly charging via
reward and penalty in the offers to its customers. In order to grant a
reward or penalty to the CSP, each CSP must report its future power
consumption to the DSO. This booking information is further used
for distributing the remaining flexible power between competing
CSPs. The type of use, e.g. commercial or public, as well as the
specific group of users (fleets, transport vehicles, private cars) are
not restricted. The reaction on elasticity of demand of the EV user

1 http://www.openadr.org/

2 http://www.openchargealliance.org/

In the following Section, related work on grid-friendly algorithms,
grid-consumer protocols and methodologies are given. Section 3
describes our proposed Reward Scheme to provide grid-friendly
EV charging planning. In Section 4 the communication protocol is
described and, finally, the Reward Scheme concept is concluded in
Section 5.

2

RELATED WORK
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Flexibility Reward Scheme for Grid-Friendly Electric Vehicle Charging

3.1

Concept and Output of the Reward Scheme

The reward scheme is requested and only valid for a specific charging spot, which from grid perspective is the grid connection point
of a set of charging stations, as can be seen in Figure 1. The operator of that charging spot, e.g. the CSP, is responsible for splitting
the demand to the available charging stations/connectors at this
charging spot.

Figure 1: Charging spots with charging options and rewards
in a low voltage network.

Figure 2: Structure of the Reward Scheme.
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due to changed conditions like traffic, too less range to reach the
charging station and thus penalty of non-execution of a booked
charging process are part of the business model of the CSP and,
therefore, not part of this paper.
With the fast developing electro mobility, a grid enhancement to
peak load is no longer economical. At the same time, the CSP wants
to provide its customers the fastest charging option that is possible.
Due to this discrepancy, we use the concept of guaranteed and
flexible charging power. Guaranteed power means that a certain
charging rate (e.g. 15 kW at a 30 kW grid connection) is provided
24/7 by sufficient grid enhancement. The remaining 15 kW are considered as flexible power, which can be granted fully, partly or not
at all, depending on the respective grid situation. With this concept,
each CSP gets a certain basic service of the guaranteed power. The
height of the guaranteed power can be increased by additional payments to the DSO for better grid enhancement. The service quality
of the CSP remains at a high level using the guaranteed power
and additional flexible power with the specific grid-friendliness
reward, while at the same time the CSP can profit from rewards
that are paid by the DSO due to providing grid-friendly charging
of the flexible power. The Reward Scheme provides one input for
optimizing the charging offers of the CSP. Other inputs could be
the energy price, the renewable energy mix in the grid and the
time-depending availability of charging stations.
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Figure 3: Reward schema output for each charging spot (fictitious values).
The output of the Reward Scheme request is a list of possible
charging operations for the requested charging spot (grid connection point) over time. A charging operation is defined as time slot
with a constant maximum charging rate and consists of multiple grid-friendliness options. Each grid-friendliness option defines
an upper and a lower charging rate and the corresponding gridfriendliness factor, which is valid within that bounds. The structure
of the Reward Scheme is given in Figure 2.
The whole charging process of an EV can combine multiple
charging operations with different grid-friendliness options. The
length of the offered charging operation time slots can differ and
is depending on the resolution of the forecasted grid situation. In
any case, the length will be bigger than a specific threshold, as
we do not want to have high fluctuations of load in the grid and
the forecasted grid situation will not be very precise in small time
scale (e.g. all charging operations are slotted bigger than 1 minute).
The allocation of the grid-friendliness options within a charging
operation refers to the compliance with previously defined thresholds of the respective DSO. In any situation, at least one option,
showing the guaranteed capacity with a neutral grid-friendliness
factor, is available and serves as the reference value from which the
remaining options are created. The DSO determines the tolerable
differences of power grid situations in terms of power demand for
its grid as intervals before a new grid-friendliness factor represents
a new charging rate class. The number of different grid-friendliness
options is limited with the constraint that each option has a minimum charging rate difference of e.g. 1 A per phase, thus 690 W
on all phases. The reason for this is that small changes in power
demand usually have only a slight change in the effect on the power
grid situation. Furthermore, this limits the computational effort and
reduces the output size of the Reward Scheme. The offered gridfriendliness options provide a certain flexibility to the CSP, as the
CSP does not need to choose the most grid-friendly charging option,
but can choose freely with the trade-off of e.g. a monetary penalty.
Visualized, a diagram like shown in Figure 3 with the following
properties can be imagined as the output of the Reward Scheme: The
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3.2

Simulation-Driven Calculation

To calculate the Reward Scheme output of the simulation-driven
model, some input parameters are required. These include the Geo
Information System (GIS) information of the corresponding grid
section (e.g. low/medium voltage grid), forecasted loads of connected households, agricultures and industries (e.g. using smart
meters) and forecasted generations of distributed renewable energy
source (e.g. wind plants, biogas plants or photo-voltaic), as well as
the guaranteed power of every charging spot in this grid section.
Using a power flow solver (e.g. Newton-Raphson method), it is then
possible to calculate the utilization and the voltage levels of all grid
components within the low voltage grid. From this calculation, the
maximum acceptable charging rate at the requested charging spot,
which does not harm the grid in terms of power quality and grid
utilization, can be determined.
When calculating this maximum acceptable charging rate at one
specific charging spot using Optimal Power Flow (OPF) calculation,
all other charging spots in this grid section are assumed to consume
their guaranteed power or, in case of already booked charging processes, the corresponding charging rate of the booking. In general,
the calculation should use conservative limits concerning utilization (e.g. transformer at maximum 80% loading) and power quality
(e.g. voltage band between ±5% instead of ±10% as described in

1

0.8

Reward

x-axis represents the time, and the y-axis shows the available maximum charging rate of single charging operations in kW (forecasted
values). Each charging operation is divided into one or multiple
grid-friendliness options, which include a specific grid-friendliness
factor. The grid-friendliness factor is defined in the range of [−1, 1],
where −1 means worst and +1 best grid-friendliness. A neutral
grid-friendliness factor of 0.0 is always assigned to the guaranteed
option as it represents the reference value. Within a certain gridfriendliness option (charging power range), the reward stays the
same. The maximum charging rate is limited by the remaining grid
capacity (e.g. cable, line, transformer, and bus bar) and the power
quality (e.g. voltage range, flicker or harmonics) in the grid.
In the example shown in Figure 3, specifically in the period between t 0 and t 1 , it would be best for the grid to charge with 45 kW
(grid-friendliness factor 0.8). More charging power, however, is not
possible due to grid constraints (capacity or power quality limit). In
the period between t 1 and t 2 , in contrast, the highest charging power
of 35 kW is offered but linked with a negative, hence worse, gridfriendliness factor. The grid-friendliness factors are based on the
respective classification of the DSO and the underlying grid. If the
remaining power at a specific grid connection is considered as too
low (depending on the definition of the DSO), the grid-friendliness
factor will be negative. In case of a highly overloaded grid, all gridfriendly options will have a negative factor except the guaranteed
power (reference value). The factors are given as absolute values
within the defined interval [−1, +1], which makes grid-friendliness
options of different charging operations comparable. To translate
the respective rewards to financial incentives, a simple mapping
could be used, in which certain grid-friendliness factors are defined
with a concrete financial reward or penalty. An exemplary calculation of the Rewards Scheme using a simulation-driven model with
grid data is shown in the following section.
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Figure 4: Reward weighting function x 2n where n = 1

EN 50160), as we also want to avoid near critical situation while
planning charging processes. The latter also depends on the transmission ratio, since the 10% threshold of the EN 51060 counts for
both, the medium-voltage and low-voltage networks. If no tap
changer is installed in between (which is generally the case), both
gird levels must be considered.
After determining the maximum acceptable charging rate at
the requested charging spot for each time slot, the single gridfriendliness options with its corresponding grid-friendliness factor needs to be identified. In doing so, the maximum charging
rate is split into different grid-friendliness options of specific size
(e.g. 690 W). The different charging rates are now fed into the grid
simulation to measure the changes concerning the power quality
(e.g. voltage range) and asset utilization (e.g. transformer loading)
by comparing “charging with the guaranteed charging rate” as a
reference scenario with “charging at the specific charging rate of the
grid-friendliness options” at the requested charging spot.
To evaluate the power quality and the asset utilization we use
a component, which is called PQ Indicator. The concept of the PQ
Indicator is also used in the reactive smart charging approach described in [2]. The PQ Indicator receives different grid KPIs such as
voltage level, voltage balance, flicker or harmonics from the relevant
connection points in the grid (e.g. transformer, charging station or
the worst point in the grid) and determines the respective power
quality for our charging spot. The exact evaluation is depending
on the DSOs configuration. The output of the PQ Indicator (in the
following referred to as PQ-Index) is a positive number (up to +1), if
higher load is required at our charging spot and a negative number
(down to −1), if less load is beneficial for the grid.
foreach charging operation (=time slot) do
PQ-Index 0 = PQ-Indicator(дuaranteed charдinд rate);
foreach grid-friendliness options with charging rate k
do
PQ-Index k = PQ-Indicator(k);
Rk = w(PQ-Index 0 ) − w(PQ-Index k );
end
end
Algorithm 1: Pseudo code for reward calculation
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In order to strengthen the reward for critical situation, a weighting function w(x) = x 2n ; n = 1, plotted in Figure 4, is applied to the
PQ-Index. Considering the example from Figure 3 between t 0 and
t 1 , the PQ-Index at 10 kW guaranteed charging rate is 0.9 and the
PQ-Index at 45 kW (highest grid-friendliness option) is 0.1. After
transformation with the weighting function shown in Figure 4,
the weighted values are feed in the following reward calculation:
R = w(PQ-Index 10kW ) − w(PQ-Index 45kW ) . The output R is used
as grid-friendliness factor of the 45 kW charging option.
The pseudo code in Algorithm 1 shows the calculation of the
grid-friendliness factor Rk for each grid-friendliness option with
charging rate k within each charging operation (=time slot). The
differences of the charging rates k, as well as the length of the time
slots could be set dynamically in order to cluster certain charging
operations and grid-friendliness options.
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COMMUNICATION AND SCALABILITY

In order to apply the Reward Scheme in the charging station domain,
we need to define two communications between the CSP and the
DSO. First, the CSP requests the reward for a certain time frame
in the future, and second, the CSP informs the DSO about future
power usage, hence, sends a booking request to the DSO. The later
is mandatory for verification of the monetary reward or penalty.
Furthermore, the booked power is necessary for calculating the
Reward Scheme of future requests more precise.
The reward request from the CSP contains the ID of the targeted
charging spot (grid connection point) and the time frame (start
and end time) in which a charging process should be scheduled.
Optional parameters, like a minimum accepted grid-friendliness
factor and the target power capacity of the EV, might be sent along
with the request for server-side performance optimization.
After obtaining the answer of available charging options and
their grid-friendliness options, the CSP needs to send a booking
request, which selects appropriate grid-friendliness options in each
charging option, where an EV will be charged. Since charging options can span a wide time range and grid-friendliness options can
span a wide charging rate range, the booking request should specify
the actual power demand as good as possible. The booking of the
power, therefore, should follow the so-called charging profile of the
EV. After receiving the booking request, the DSO verifies whether
the chosen grid-friendliness factors are still valid by recalculating
the Reward Scheme. If not (in case another power booking changes
the gird situation significantly), the booking request is rejected, otherwise the chosen charging profile (time series of booked charging
power) is stored at the DSO for future calculations.
Figure 5 shows the sequence of messaging between the CSP,
the DSO and the DSOs’ internal Reward Scheme Model. In case the
booking request is rejected, the CSP can start from the beginning
and request a new Reward Scheme. Since a CSP manages many
charging processes, sequentially booked charging profiles of the
same CSP are treated individually. The flexible power booking
mechanism implements a First-Come-First-Serve (FCFS) strategy.
Consequentially, the question of scalability of this mechanism raises.
We believe that this mechanism will scale very well with the number
of participants because of the following two reasons: First, since the
Reward Scheme is calculated using forecasted load and generation

DSO

booking accepted()

Figure 5: Sequence diagram for requesting the Reward
Scheme and booking.

profiles plus the known booked flexible power usage, only the later
changes with interleaving booking requests. The power quality of
the low/medium voltage grid where a charging spot is installed
is mainly influenced by local loads and generations in the same
grid section. As a result, the impact of interfering booking requests
is limited to the local area and, hence, the maximum number of
competing users is limited as well. Second, depending on the power
capacity range of the single grid-friendliness options, even with
interleaving booking requests, a booking can still be accepted, if the
chosen charging profile still translates to the same grid-friendliness
factors at each charging operation.
The Reward Scheme communication protocol uses a polling approach because electro mobility has a volatile power demand that is
also limited by battery capacity and can even be shifted to another
grid connection point (depending on the remaining driving range).
Thus, the grid-friendliness of a charging process is only of interest,
whenever it is planned by the EV user.

5

CONCLUSION AND FUTURE WORK

This work presents a communication and classification scheme to
provide grid-friendly charging services. In contrast to currently
existing protocols connecting the CSP with the DSO, our solution
adds fine granular grid-friendly charging options. In this context,
the Reward Scheme classifies the effect of different charging rates on
the power grid, which could be linked to certain financial rewards
or penalties.
Nevertheless, the evaluation of the grid situation and the corresponding charging rates needs to be identified by the DSO depending on the specific grid. In addition to the asset loading and the
voltage levels used in this paper, the PQ-Indicator component may
take further parameters into account such as system perturbation
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of the EVs like harmonics or interference frequencies. With the
help of the Reward Scheme and the booking of flexible power, e.g.
day ahead, also the ES can benefit through better prediction within
its balancing group.
Our future work includes the investigation towards a data-driven
reward calculation model, which requires less information about
the power grid. Furthermore, fine-tuning of the proposed Reward
Scheme will be carried out during the simulative evaluation of our
approach, which is the top item on our to-do list. We also think to
integrate the grid-friendliness in a kind of local trading between
DSOs and CSPs, so that private customers could participate in a
local grid-friendliness market. In this context, the Reward Scheme
could be extended for any controllable loads on household level or
in a larger scale even for connected micro grids at their point of
common coupling.
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