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Abstract—Utilization of the modular multilevel converter
(MMC) topology can enable transformer-less interfacing between
electric vehicle (EV) charging infrastructure and the power
distribution grid. Such configurations are claimed to significantly
reduce the system costs, space requirements and complexity for
high-power charging facilities. On the other hand, ensuring the
correct operation of such system is challenging under unevenly
distributed loads in the MMC arms. Proper selection of the
charging points to allocate the EVs can limit the loading un-
balances between the arms and phases of the MMC system. This
paper presents two load allocation strategies. The first strategy
takes only the present loading into account, while the second
one optimizes the decision according to the individual energy
demands of the EVs over time. Simulations demonstrated that
the optimized strategy minimizes loading unbalances between
the MMC phases and arms during the charging operations.
Furthermore, it can contribute to larger demand fulfillment.

Index Terms—Charging infrastructure, electric vehicle, energy
management, modular multilevel converter, optimization

I. INTRODUCTION

In many countries, public authorities have set specific goals
for electrification of the transportation sector and established
incentives to promote electromobility. European governments
aim to attract their citizens with reduced value-added-tax
(VAT), registration fees and vehicle ownership tax [1]. Simi-
larly in Japan zero emission cars are exempt from acquisition
and tonnage taxes [2]. Norway implemented an incentive
policy that enables free-of-charge parking in public parks (until
2017), opens bus lanes to EV use, and removes VAT and
import taxes [3]. Numerous car manufacturers all around the
world have been following the electrification trend and are
investing in EV technologies in order to stay competitive in the
future mobility market. As result of these parallel progresses
the share of hybrid, plug-in hybrid and full electric cars have
started to become significant in the traffic. It is anticipated that
the number of EVs on the road will soon be significant [4].

Charging infrastructure is expected to become the backbone
of the electromobility. Parking lots of commercial and public

978-1-7281-6350-5/20/$31.00 ©2020 IEEE

entities such as shopping malls, airports, event halls etc. will
potentially accommodate a large number of charging nodes.
Several works in the literature investigated large-scale EV
charging applications considering various aspects such as de-
mand response management [5], charging profile optimization
[6], and network reinforcement requirements due the harmonic
emissions [7]. On the other hand, the literature lacks studies
that investigate the most suitable topology.

A charging facility that is capable of simultaneously host-
ing hundreds of EVs would require power installations in
the multi-megawatt range [8]. This implies direct connection
to the medium voltage distribution grid through dedicated
distribution transformers with very large power rating, and
potentially with several transformers for the same charging
infrastructure. The level of power and complexity translates
in large space coverage and high installation and operating
costs; [9] estimates the installation costs for such scale up to
several million euros. Consequently, technologies that could
possibly reduce the infrastructure costs will be very valuable.
Furthermore, the space constraints of densely populated areas
will increase the importance of the compact solutions.

An EV charging configuration based on a modular multi-
level converter (MMC) topology with wireless power transfer
from the individual MMC cells is proposed in [10]. This
configuration aims to reduce the overall system costs and
size by transformer-less grid interfacing and lighter cabling.
The considered application can present relatively large un-
balances between MMC phases and arms due to different
arrival/departure times and diverse individual demands of the
EVs. Internal power flow in the charging system must be
controlled in order for the MMC system to interface with the
power grid as a 3-phase balanced entity despite the unbalanced
distribution of the load. The previous works in this area
focus on controlling the given unbalanced loading conditions
[10], [11]. However, the ability of the MMC to cope with
unbalanced loading would be limited by the switching devices
and cables, and high unbalance can also generate additional
losses. In case that the unbalance is beyond the controllable



limits, active intervention such as suspension or reduction of
the charging power would be needed. In certain scenarios,
such interventions would result in low final SOC or longer
charging duration, which are major concerns for EV users.
Suitable operational strategies must be established in order
to exploit the control capabilities that maximize the demand
fulfillment.

A relevant control feature in a large charging facility is
the ability to allocate the cars to specific chargers upon their
arrivals. With a proper allocation strategy, the operator can
limit the future unbalances in the system rather than only
reacting to them. This paper addresses the problem of EV
allocation in an MMC-based charging infrastructure, which is
so far lacking in the scientific literature. Although the proposed
strategies were designed considering the unique constraints of
the MMC-based charging topology, it is possible to extend
them for the use in other EV charging applications in which
limiting the load on subsections of the system is necessary
due to the undersized transformer, cables or, converter capacity
with respect to the installed power of the chargers. Another
relevant application could be the routing service for reserving
charging spots in a multi-charging station scenario.

II. MMC-BASED CHARGING INFRASTRUCTURE

A. Applications of MMC topologies

As a special class of modular converters, an MMC consists
of individually controllable cells. This structure provides sev-
eral advantages including high scalability and reduced filter
requirements while allowing for fast and independent control
of instantaneous active and reactive power flow [12]. MMCs
are conventionally used for bidirectional AC-DC conversion
applications without any loading or generation connected at
the individual modules. Modification of the MMCs such that
power transfer takes place at the cell level requires changes in
the cell design and the control strategy [13].

There are several studies in the literature that discuss MMC
configurations with the presence of loads or generation in the
individual cells. For instance, [14] investigates integration of
energy storage elements in MMC cells and analyzes such a
converter structure under different operating modes. Similarly,
[15] studies power sources or loads in each module of MMC-
based solid-state transformers. An overview on the technical
considerations and emerging technologies based on MMCs
for transportation electrification is presented in [16], including
applications such as rail inter-ties, railway power conditioners,
railway propulsion, on-board integrated chargers and battery
management systems for EVs and shipboard distribution sys-
tems.

B. MMC-based EV charging topology

The reference charging topology in this work consists of an
MMC with cells that supply low voltage (LV) at floating poten-
tial to wireless charging units (WCUs). The series connection
of several LV cells forms an MMC arm, and each phase of the
MMC topology consists of two (upper and lower) arms. An
overview of the complete three-phase configuration is shown

Fig. 1. Proposed connection layout of large charging infrastructure for
wireless EV charging with MMC-based grid interface [10]

in Fig. 1. This topology enables transformer-less connection
to MV distribution grids while the WCU provides galvanic
isolation between the electric vehicles and the power supply.
Despite the potential to save cost/volume and reduce cabling,
the proposed topology requires over-sizing of the converter to
cope with high circulating currents arising from unbalanced
loading [10].

In this application, the loads accommodated in the cells
are the EVs, which arrive in the charging facility at different
times with different energy demands. Nonuniform loading in
the MMC cells may lead to significant unbalance between two
arms of each phase (vertical) and unbalance between the phase
pairs (horizontal). Internal power flows must be controlled
such that the three-phase current at the grid interface is kept
balanced and sinusoidal despite the unbalanced loading. The
unbalances may also lead to voltage collapse or over-voltage in
the MMC cells. A control technique that guarantees the desired
attributes of the current at the grid interface and equalizes
the cell voltages despite unbalanced loading was presented in
[10]. The unbalances between phases, arms of same phase,
and cells of same arm were compensated by regulating the
DC component, first and second harmonic components of the
circulating current respectively. The higher unbalance requires
the larger circulating currents to control the power flows with
consequent larger losses during the operation. Since increased
circulating currents require correspondingly increased cabling
and converter sizing, which contribute to cost, weight and
space coverage of the system [16], the circulating current
should be kept to a minimum level.

Given the sizing of cables and equipment, the system can
tolerate a certain level of unbalance. If the unbalance correc-
tion results in circulating currents exceeding the tolerable limit,



the balanced grid currents and desired cell voltages can only
be maintained by suspending or reducing the charging power.

III. LOAD ALLOCATION STRATEGIES

Load control via suspension or reduction in power supply
to the EVs may result in longer stay times in the charging
facility or departure with relatively smaller energy in the
battery. Such circumstances may influence the satisfaction of
the consumers and reduce the profits of the charging system
operator significantly. The charging system operator can limit
the cases that need such actions by controlling the load
allocation in the MMC arms. The main contribution of this
paper is an optimized strategy that minimizes the need for
charging suspension/reduction by taking the future loading
into account in the allocations decisions. This strategy is
compared with a simple strategy that only considers current
distribution of the load in the car allocation problem. Both
controls determine the MMC arms to which the cars will be
placed upon their arrivals.

A. Simple allocation

The simple allocation aims to equalize the number of the
cars in MMC arms at a given moment without considering
the future unbalances. Therefore it is formulated as a simple
algorithm, (1), which loops through the MMC phases (l ∈
1, 2, 3) and arms (a ∈ 1, 2) and checks the number of cars
in each arm at the given moment, Bl,a. The arriving car is
allocated to the arm that hosts least cars.

l∗, a∗ = argmin
l,a

Bl,a (1)

B. Optimized allocation

The energy demand of a car determines its charging duration
in a charging station. Charging duration is the most important
parameter for the allocation problem because it determines
the time intervals at which unbalance will occur in the MMC.
Therefore, the first step of the optimized allocation is iden-
tifying the charging duration of a car, D, by considering its
battery capacity, E, and initial state of charge, SOC0. For a
given power PC of the charger, D is then given by:

D =
(1− SOC0) · E

PC
(2)

The calculated D is used for the identification of the
charging schedule of the new car to be allocated. The charging
schedule is the vector, each element pnew(t) being the power
that will be supplied to the new car at a particular time interval
t within an optimization horizon T after the allocation. In
effect the schedules consist of several PC and zeros for the
time intervals inside and outside of the D respectively:

pnew(t) =

{
PC t < D

0 t ≥ D
(3)

The objective of the allocation problem is choosing the arm
to place the new car such that the total horizontal and vertical
unbalance are minimized over the considered optimization

horizon. This problem can be expressed with a mixed-integer
linear optimization model. The objective function, defined by
(4), penalizes two time-varying dependent variables i.e. total
vertical P∆V (t) and horizontal P∆H (t) unbalance:

min
xl,a

T−1∑
t=0

(p∆H (t) + p∆V (t)) (4)

P∆V (t) and P∆H (t) are equal to the summation of absolute
values of the individual arm-to-arm and phase-to-phase unbal-
ances respectively, where pΣ

l,a(t) is the total power supplied
by the arm (l, a) at the time interval t:

p∆V (t) =

3∑
l=1

| pΣ,t
l,1 − pΣ,t

l,2 | (5)

p∆H (t) =
∑

l1 6=l2∈{1,2,3}

| pΣ
l1(t)− pΣ

l2(t) | (6)

The variables of the optimization problem are six binary
variables, xl,a ∈ 0, 1, each of which represents allocation to a
particular MMC arm (l, a). Summation of these binaries are
always equal to one. Thus, optimization is forced to return
only one result to allocate the car:

3∑
l=1

2∑
a=1

xl,a = 1 (7)

Allocation to an arm with an empty cell is ensured by a
constraint, given by (8), with Bl,a being the number of cars
in the MMC arm (l, a) before the allocation. The number of
cars cannot exceed the number of cells, N , after the allocation
of the new car:

xl,a +Bl,a ≤ N (8)

The impact of the new allocation to the system unbalance is
modelled by two additional constraints. pl,a,n(t) is the power
supplied by the nth cell of the arm a of phase l at the time
step t according to the charging schedule calculated in (2)-(3).
The arm power pΣ,t

l,a is a dependent variable, which includes
the power supplied to the newly assigned car pnew(t) if it is
allocated to this particular arm. With the arm powers pΣ,t

l,a , the
phase powers pΣ,t

l are expressed.

pΣ
l,a(t) = pnew(t) · xl,a +

N∑
n=1

pl,a,n(t) (9)

pΣ
l (t) = pl,1(t) + pl,2(t) (10)

IV. SIMULATIONS

This section presents two tests cases. The first test shows
how the decision made by the optimized allocation model
differ from the decision of the simple allocation algorithm
for a given initial load distribution and how these decisions
lead to different future unbalances. The second part introduces
a simulation scenario that includes several arrival events in
a specified time window and demonstrates how simple and
optimized allocation models perform in the sense of energy
demand fulfillment.



(a) Initial distribution of loads (b) Load distribution after disconnection of charged cars

Fig. 2. Different decisions in simple vs optimized allocation

A. Simple vs optimized allocation for given load distribution

A simplified initial setup was considered for this test. 17
cars of the same model i.e. same battery capacity are hosted by
the system. These cars stay in the car park long enough to fully
charge their batteries. Their SOC at the start of the simulation
range between 27-87%. Each MMC arm has 3 connected cars
in their cells except for the lower arm of the phase 3, which
has only 2 cars.

The two load allocation techniques were tested for the case
in which another car of the same model arrives in the car
park with 58% SOC. The logic of simple allocation chose the
arm with minimum number of hosted cars at a given moment
without considering the future unbalances and thus the car was
allocated to the lower arm of the phase 3, as marked by blue
in Fig. 2(a). On the other hand, a different decision was made
in the optimized allocation case. The car was allocated to the
lower arm of the phase 3, marked by orange in Fig. 2(a) since
it causes less future unbalance.

For simplicity of the analysis, it was assumed that the energy
is supplied with constant power rate, which increases the SOC
of the battery by 1% in each time step. The load distribution
after 41 time steps is illustrated in Fig. 2(b). In the meantime
5, 3 and 1 cars got fully charged and disconnected from phase
1, 2 and 3 respectively. The result shows that the optimal
allocation reduces maximum horizontal unbalance between
phase 1 and phase 3 from 4 to 2 unit power in the future.
Such reductions may lead to remarkable decrease in supply
interruptions in certain scenarios.

B. Demand fulfillment by simple vs optimized allocation

Another test was performed in order to evaluate the demand
fulfillment performance of the optimized allocation model.
Therefore, a test scenario was constructed, in which several
cars arrive in the charging facility with the goal of charging
their batteries up to 100%. For this test, a charging facility
with 50 cells in each arm of the MMC i.e. a total capacity
of 300 cars was considered. Each MMC cell accommodates
a charging unit with 22 kW maximum power. It was assumed
that the charging operator obtains the SOC information upon
arrival and tracks it precisely during the charging. A scenario
that consists of 200 arrivals was built to test the algorithms. In
this scenario the cars, each having 55 kWh battery capacity,
arrive in the charging facility with initial SOC values between
20% and 50%. Random arrival times were assigned to the cars.
The departure times were selected considering their arrival
times and initial SOCs such that the cars stay in the charging
facility as much as the minimum time needed to charge their
batteries to 100% with the given charger power. The scenario
starts with the arrival of the first car at 12:00 and finishes with
the departure of the last car at 15:55.

Figure 3(a) shows the unbalance that would occur in simple
and optimized allocation cases if the system were sized to
tolerate 100% unbalance. However, in the test scenario, the
vertical and horizontal unbalances were limited with 5% of
the arm and phase capacity respectively. This means that, for
example, when the aggregated power of the upper arm of a
phase is 55 kW more than the power of lower arm of the same



(a) Unbalance in non-constrained case

(b) Supply reduction due to unbalance

Fig. 3. Impact of optimized allocation on demand fulfillment



phase, the system works within its operational boundaries.
Power supply is not suspended or reduced unless larger vertical
unbalance occurs. Similarly the unbalance between two phases
are not allowed to exceed 110 kW.

The test scenario was simulated twice. The first instance
simulates the scenario by implementing the simple allocation,
while the second by the optimized allocation i.e. considering
the future unbalances. The optimization model takes a future
horizon of 4 hours with 5 minute resolution into account. In
both cases a supply reduction technique was implemented,
which reduces the charging power of the cells in the arms
that cause the excessive unbalance. With this reduction, the
unbalance is kept at the tolerable limits all the time. It should
be noted that the supply reduction applies equally to each
connected cells of the arm that causes excessive unbalance.

Figure 3(b) depicts the cumulative supply reduction over
time in each arm for both simulated instances. Power reduction
in the time intervals with extreme loading unbalance result in
101 kWh energy curtailment in case of simple allocation. By
optimized allocation 95% of this curtailment is avoided and
overall energy supply increases from 6961 kWh to 7056 kWh
over two hours. Larger supply leads to increased final SOC
at the end of parking duration. When the final SOCs of the
identical cars were compared, it was seen that 14 out of 200
hosted cars left the charging facility with at least 5% larger
final SOC in case of optimized allocation. Similarly the final
SOC of 39 cars increased by at least 1%.

The results show that optimized allocation by considering
the diverse individual energy demands outperforms the simple
allocation model. Achieving larger final SOC increases the EV
users’ satisfaction from the charging service. In addition, in-
creased capacity utilization is highly desirable for the charging
system operator since larger service means earlier payback of
the installation costs.

V. CONCLUSIONS

The main operational challenge in an MMC based charging
topology is maintaining the correct form the 3-phase grid cur-
rent and stable cell voltages despite the unbalanced distribution
of the system load across the MMC arms and phases. Extreme
unbalances due to the heterogeneous presence and energy
demands of the EVs may require load control via suspension
or reduction of the charging power. In certain scenarios this
may lead to decreased user/operator satisfaction. This paper
looks closely at the load allocation issue to limit the natural
unbalance due to the heterogeneous presence of the loads in
the MMC based system.

Two load allocation strategies were developed and tested.
The results show that the strategy that allocates the EVs
according to their individual energy demands would minimize
the vertical and horizontal loading unbalance and thus requires
less charging power reduction. The ability to limit the unbal-
ance with proper car allocation is an important feature that
may diminish the need for over-sizing the converter. Future
research will be concentrated on scheduling by considering
the load side flexibility in the system.
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