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A Submodule with Integrated Supercapacitors for
HVDC-MMC providing Fast Frequency Response
Florian Errigo, Florent Morel, Senior Member, IEEE, Cédric Mathieu De Vienne, Laurent Chédot, Ali Sari,

and Pascal Venet

Abstract—Modular multilevel converters (MMCs) have been
recognized as the most attractive technology for high voltage
direct current (HVDC) applications during the last years. Their
advantages include the ability to freely control the internally
stored energy in the distributed submodules (SMs) and to inde-
pendently control AC and DC powers. Recent studies showed that
an MMC can take advantage of this degree of freedom to supply
ancillary services with low energy requirements such as frequency
response or power oscillation damping by connecting energy
storage systems (ESSs) to its SM capacitors. This paper proposes
a modular DC-DC converter as an interface between the energy
storage element and the SM capacitor. As it can be built with
switches allowing a high switching frequency, it is shown that the
volume of the passive components can be reduced in comparison
with interface converters known in the literature. The proposed
control strategy avoids to transfer the harmonics of a SM to
the ESS that prevents to drastically oversize the system. The
proposed control method also provides an appropriate energy
exchange without affecting the control philosophy of an MMC
and it addresses balancing issues. Simulations and a downscaled
prototype confirm the relevance of the proposed control. As the
proposed interface converter is able to track the power reference
with fast dynamics, it provides the same system-level advantages
as other interface converters known in the literature but with a
reduced volume.

Index Terms—High-voltage direct current (HVDC) transmis-
sion, modular multilevel converters (MMCs), power converters,
modular systems, energy storage systems, supercapacitors, ancil-
lary services, fast frequency response.

I. INTRODUCTION

IN response to the rise of the energy consumption and global
environmental concerns, renewable energy sources have

been grown at a fast pace in the recent years [1]. Unlike the
conventional sources mainly used in the past in electric power
transmission systems, their variability and remote location will
change the power system operation. As a solution, High Volt-
age Direct Current (HVDC) has become a suitable technology
to transmit bulk power over long distances [2]. This on-going
expansion leads to a high number of Power Electronics (PE)
devices that are connected to the grid with no inertia since
frequencies are decoupled. Consequently, the inertial response
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of the grid is degraded and the system frequency fluctuation
becomes more prominent after severe contingencies [3].

Grid scale Energy Storage Systems (ESSs) have emerged
as a promising alternative to enhance the reliability of power
supply by providing multiple services [4]. Traditionally, they
have been used for bulk energy storage by connecting battery
modules in series to a centralized DC bus with a PE stage be-
tween batteries and AC grid to provide operating reserves [5].
Since a few years, research efforts are looking to split the
ESS inside converters to benefit from the attractiveness of a
high modularity and the new control opportunities that can be
provided.

In this context, modular multilevel systems have received
a significant interest [6]–[8]. Instead of using a common DC
bus, the ESS can be freely distributed among the submodules
(SMs) [9] and controlled independently at a converter level.
The first publications about modular structures with ESS
focus on Cascaded H-Bridge Converter (CHB) and Modular
Multilevel Converter (MMC) topologies but solely for the
purpose of connecting an ESS to the grid at medium voltage
level [10]–[14]. Recent works are dedicated to the combination
of ESS and MMC for the enhancement of HVDC converter
stations, used in point-to-point links, with an energy storage
function [15]–[21].

Since in an MMC-HVDC application, the SM capacitor
voltage cannot vary according to the State of Charge (SoC)
of the ESS, a direct connection is not reasonable. Indeed,
the presence of voltage ripples, due to switched current, at
the terminals of the SM capacitor participates to reduce the
lifetime of the ESS [22]. Therefore, passive filters and proper
control methods were proposed for batteries to integrate them
into SMs [14], [19], [23]. However, the high SM capacitor
voltage leads to a complex series connection of cells in
addition to no voltage decoupling. Thus, the insertion of a
DC-DC converter is compulsory [7], [14]–[17], [24], [25]. A
single stage DC-DC converter is generally assumed and the
design of the solution is rarely considered.

This paper pays special attention to the conception of this
interface converter. It consists in determining the suitable
interface converter with its energy storage element to achieve
the desired energy exchange to provide ancillary services [20].
Several topologies are compared before illustrating the ad-
vantages of a modular design. These advantages include a
better power density. In addition, this paper provides a control
strategy that enables to mitigate the low frequency fluctuations
of a SM and equalize the SoC of the storage elements without
modifying the overall control of the MMC. The paper is
organized as follows. Section II recalls the fundamentals of
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an MMC and the specifications of the considered application.
In Section III, the comparative analysis is introduced. In
Section IV, the control concept and simulation results of the
proposed interface converter are presented. Section V depicts
the experimental results and Section VI concludes with the
advantages of the proposed solution.

II. SPECIFICATIONS

The general structure of a 3-phase MMC is illustrated in
Fig. 1. Each converter leg comprises an upper and lower arm
that consists of a set of identical half-bridge SMs.
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Fig. 1: Topology of an MMC with ES-SMs (Note that the
classical configuration of an MMC is obtained when ESSs are
not fitted)

In an MMC, the stored energy (typically 30 MJ for a 1 GW
converter [26]) is extremely small compared with a conven-
tional AC power plant or grid scale ESS. For this reason, the
converter cannot provide ancillary services to the AC power
system. Generally, some of these short-term services, such
as primary reserves [27] and particularly the relatively new
fast frequency response services [28]–[33] require low energy
capabilities from a grid perspective but reasonably high in
comparison to the stored energy inside an MMC. However, the
requested powers only represent a small part of the converter
rating [16]. A typical maximum power reserve for a single
entity varies from 25 to 50 MW and it has to be provided
during a minimum support time to assist the establishment of
frequency containment reserves with time delay [30], [32].

This implies that, by increasing the energy stored with
energy storage elements, this solution is feasible without sig-
nificantly affecting the design of the MMC. Similar enhanced
Flexible AC Transmission Systems (FACTS) with an energy
storage function have already been implemented to face fast
frequency challenges with a 50 MW power capability during
10 seconds [34]. In this paper, it is assumed that an energy
storage element is connected to each SM capacitor through
a DC-DC converter to make an Energy Storage Submodule
(ES-SM) as shown in Fig. 1. These interfaces are controlled to
track a power reference given by the high-level control of the
MMC. Energy is thus exchanged between the energy storage
element and the SM capacitor. Otherwise, the MMC acts as
if no ESS is included.

The requirements for the present work are as follows. A
1 GW-MMC [26], [35], [36] has to provide 5% of its power
rating with an energy capacity of 900 MJ, which stands for
a full output power during 18 seconds. Regarding the MMC
features, data are taken from the INELFE project [26], [37].

Nowadays, supercapacitors have become an attractive al-
ternative for short-therm applications [34] with high power
density since the recent progress has led to greater capac-
itances and energy densities. Because the energy is stored
electrostatically, a high number of cycles at full power is
possible with a high reliability and a very long life span.
Moreover, the maintenance of an MMC is simplified since they
can be fully discharged contrary to batteries. Because of the
aforementioned reasons, supercapacitors have been selected as
energy storage devices.

III. INTERFACE CONVERTER TOPOLOGY SELECTION

This section is dedicated to the choice of the topology of
the interface converter between the energy storage element
and the capacitor of an ES-SM. In the literature, most authors
assumed a single stage bidirectional converter (Fig. 2a) owing
to its simplicity [7], [12]. Interleaved converter (Fig. 2b) was
also mentioned in [15], [16]. Note that isolated topologies,
such as a Dual Active Bridge converter [8], [15], are omitted
here, because galvanic isolation is not compulsory and would
increase the cost and size. To the best of our knowledge,
a modular converter with Nmod subconverters (Fig. 2c) has
never been studied in the context of an MMC with an energy
storage function. In this section, a sizing methodology, based
on analytical calculations, is given for the main components
of these converters. Then, it is applied to the different DC-
DC converters shown in Fig. 2 to identify the most attractive
topology. The attractiveness of a converter is assessed here
thanks to its cost and volume. This is mainly motivated
by the fact that the present volume of a SM is large and
the mechanical assembly of SMs is complex. Therefore, the
introduction of an energy storage function must not lead to a
drastic increase of the volume of a SM.
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Fig. 2: Interface converter topologies compared in this paper
with: (a) Single stage converter (b) Interleaved converter (c)
Modular converter.
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A. Methodology and assumptions

In order to compare the different variants, each ES-SM is
sized to achieve the energy and power requirements introduced
in section II. These constraints lead to define the number
of required supercapacitors but also to the determination of
the passive components and the needed switching devices. A
supercapacitor stack consists of Ns cells with a capacitance
Ccell in series in a branch and Np branches in parallel as
shown in Fig. 3 (Note that in this paper, the term cell refers to
a supercapacitor). For such a stack, the total energy stored
W tot

sc depends on the voltage at its terminals vsc and its
equivalent capacitance Csc as described in (1) considering
ideal components.

ESR   sc

C   sc

isc

Vsc Vsc

      

      
Ns   

Np   isc   

   0

cell

icell

Fig. 3: Topology of a supercapacitor stack

W tot
sc =

1

2
Cscv

2
sc =

1

2

CcellNp

Ns
v2sc (1)

Consequently, many combinations of Ns and Np are possi-
ble for a given energy requirement. From this, an optimization
process is conducted. The approach consists in sizing an ES-
SM for all the depths of discharge and different supercapacitor
cell values from 25 to 3000 F [38]. The goal is to minimize
the total cost of the energy storage system by finding the
combination of the number of cells (Ns, Np) and their capac-
itance. For the result which minimizes the cost of the stack,
the voltage range (vmin

sc0 and vmax
sc0 ) is obtained and the passive

components are sized. Note that the goal is to minimize the
stored energy to the bare minimum. Since the energy storage
element represents most of the cost of the ES-SM and since its
cost and volume evolve approximately linearly with the stored
energy, the volume is also optimized. Then, the best solution
for each topology is retained and these results are compared in
sub-section III-B. In the next paragraphs, the different models
used for designing the ESS of an ES-SM (see Fig. 2) are
succinctly developed.

1) Sizing of the supercapacitor stack: The supercapacitor
stack is sized considering a constant power discharge/charge
per ES-SM, Psm. It corresponds to the additional power that
should be supplied by the MMC divided by the number of
ES-SMs. Internal losses, due to the equivalent series resistance
ESRsc of the supercapacitor stack, are also taken into account
as shown in Fig. 3. In reality, the usable energy Wsc of a
supercapacitor stack is only a fraction of W tot

sc which depends
on the maximum vmax

sc0 and minimum vmin
sc0 allowable internal

voltage:

Wsc =
1

2

CcellNp

Ns

(
vmax2

sc0 − vmin2

sc0

)
. (2)

However, these voltages are not equal to the maximum and
minimum voltage at the terminals of the stack vmax

sc and vmin
sc

since they are dependent on its equivalent series resistance and
the load current isc as observed in Fig. 3. At constant power,
the voltage vmin

sc0 is limited by the internal resistance of the
stack. Consequently, the depth of discharge cannot be chosen
arbitrarily such as [39]:

vmin
sc0 ≥

√
4ESRscPsm. (3)

At the same time, the power provided by all the super-
capacitors in one stack must be high enough to satisfy the
power requirement. Otherwise, additional branches of cells in
parallel are necessary. The minimum voltage of the stack is
also determined by its current capability criteria (4):

vmin
sc ≥ Psm

Npimax
cell

(4)

where imax
cell is the current capability of one supercapacitor

cell. This value is chosen in order to avoid an overheating
within an ES-SM. In the worst case, the ESS can be cycled
during a long period of time, with significant power changes,
while its voltage remains close to its lower limit vmin

sc . It
is then considered, here, that imax

cell is the current that can
be fed without increasing the cell temperature over a certain
threshold. In a supercapacitor datasheet, this value is given
as the maximum continuous current. Finally, the maximum
voltage of the stack vmax

sc depends on the interface converter.
Because the control of the voltage variation across the stack is
considered as a degree of freedom, this value can be adjusted
according to the desired depth of discharge, and so the number
of supercapacitors in series. Note that, for the topologies
investigated in Fig. 2, the stack voltage cannot be greater than
the ES-SM DC bus voltage vu,lcsm . This limits the number of
series connected supercapacitors, with a rated voltage vnomcell ,
as follows:

Ns ≥
vmax
sc

vnomcell

. (5)

Once the number of required supercapacitors (product of
NsNp) is known, the volume and the cost of the stack can be
easily estimated with data from manufacturers.

2) Considerations for switching devices: As seen in Fig. 2,
several subconverters can be connected in series or in parallel
depending on the interface converter topology. For each struc-
ture, an appropriate switching technology has to be selected.
To withstand the high submodule capacitor voltage vu,lcsm
(1.6 kV here), 3.3 kV IGBT power modules are necessary for a
single stage (Fig. 2a) and for an interleaved converter with Nph

phases (Fig. 2b. Note that a topology with two phases is first
considered). A 1 kHz switching frequency fsw is considered,
which is typically the case in those applications. Note that
this switching frequency is higher than the typical switching
frequencies used in MMCs. Even if the rated voltage is the
same, the switched currents are quite different (up to few kilo-
amperes in the arms and few tens of amperes for the interface
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converter). On the contrary, MOSFETs, with lower voltage
and current capabilities, can be used with a modular converter
because the high voltage is divided according to the number
of subconverters Nmod. Thereby, the operating frequency can
be highly increased. In this paper, a switching frequency of
50 kHz is selected while the number of subconverters is
limited to 4, 5 and 7 because of the rating of the available
semiconductors on the market.

3) Sizing of passive components: For each converter, the
design of the passive components is pivotal. The inductance L
for the desired current ripple ∆isc (10%) and the intermediate
capacitor C (see Fig. 2) for the requested voltage ripple ∆vc
(5%) for each topology are calculated with the formulae from
Table I. α is the duty cycle of a DC-DC converter and iu,lsto is
the current that flows from the ESS toward the main ES-SM
capacitor Csm as defined in Fig. 2. Note that, for Fig. 2a and
2b, C is in parallel with Csm. However, the capacitance of
the intermediate capacitor is relatively smaller in regard with
the capacitance of the SM capacitor. This implies that it is not
necessary to increase the value of the latter.

Topologies Inductance Capacitance

Single stage bidirectional
α(1 − α)vu,lcsm

fsw∆isc

αiu,lsto

fsw∆vc

Interleaved converter
α(1 −Nphα)vu,lcsm

fsw∆isc

αiu,lsto

Nphfsw∆vc

Modular converter, subconverter
α(1 − α)vu,lcsm

Nmodfsw∆isc

αiu,lsto

fsw∆vc

TABLE I: Passive components calculation

To evaluate the volume of the inductor, a double E-core is
considered as shown in Fig. 4. Its dimensions can be expressed
as a function of a scale parameter a. This characteristic length
can be deduced from the sizing of the core Ae and the winding
Aw areas based on the magnetic stored energy relation [40].
The core should comply with the design value of the inductor
such as:

0.5a 0.5aaa a

1.25a

0.5a

Aw Aw
1.5aAee

a

Ag1.4a
2a

2a

0.7a

(a) (b) (c)

Fig. 4: Double E-core: (a) front view (b) coil support (c) top
view

Ae ≥
Limax

L

NcoilBmax
(6)

where Bmax is the maximum core flux density, imax
L the

maximum current that flows through the inductor and Ncoil

the number of turns. Assuming that the air gap reluctance is
high in comparison with the core reluctance, the inductance is
expressed by:

L =
µ0N

2
coilAg

2e
(7)

with e the air gap length, Ag the air gap cross-section and µ0

the air magnetic permeability. Similarly, wires must fit through
the core window Aw as:

Aw ≥
Ncoili

max
L

JmaxKb
(8)

with Kb a window utilization factor (here 0.55) and Jmax

the maximum current density (here 5 A/mm2) of the copper
conductors. By satisfying constraints (6), (7) and (8), the core
size can be thus roughly determined. Regarding materials,
ferrite and amorphous are respectively used for MOSFETs and
IGBTs. The characteristics of magnetic circuits are based on
products available on the market [41], [42] while the cost of
inductors are evaluated on the quantity of raw materials and
copper. Finally, the volume of the intermediate capacitor C
is calculated by extrapolating the evolution of the volume of
polypropylene capacitors as a function of the energy stored
for a range of data from [43].

B. Comparison of results

For each considered topology for the interface converter,
the results of the sizing methodology, presented in sub-
section III-A, are compared in Fig. 5.
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Fig. 5: Cost and volume comparison of the interface converter
for the three topologies of ES-SM considered in Fig. 2

First, one can notice that the supercacitor stack represents
the main cost of the ESS. Moreover, it is similar for all
topologies. This implies that this cost is directly linked to the
stored energy.

Secondly, it can be observed that a modular interface
converter has a lower cost and volume. Regarding the volume,
the inductor is mainly responsible for this wide gap. For
topologies without a series connection of subconverters, the
low switching frequency of IGBT modules leads to large
inductance values (see Table I), which can be not practicable.
Conversely, a modular converter, based on MOSFETs, permits
to operate at high frequency and to drastically reduce the total
magnetic energy stored within the interface converter. Thus,
the size of the magnetic components is reduced. Even if an
interleaved converter also provides the same opportunity, by
decreasing the current that flows through the inductors, the
gain remains not significant and the cost is prohibitive. This is
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because the costly IGBT modules are duplicated according to
the number of phases Nph. Moreover, for this application, the
ESS current iu,lsto is low (i.e. 13 Arms) compared to the current
capability of 3.3 kV IGBTs (i.e. few hundreds of amperes).
Note that the following observation can also be made for
IGBT modules. The higher the voltage class, the higher the
current capability but the lower the switching frequency [44].
To avoid prohibitive inductances in interface converters, the
solution is then to stack high frequency subconverters in series.
In addition, 600V MOSFETs, for instance, are much less
expensive than 3.3 kV IGBTs. This can decrease the cost of
the solution although the number of needed switches is higher.
They can be operated at their optimal voltage and current range
with a modular topology in opposition to IGBT power modules
which are underused and more expensive as seen in Fig. 5.
Finally, a modular structure also allows the implementation
of a potential fault tolerant mode and promising control
perspectives. As an example, advanced control methods can
be implemented in a near future to manage the temperature of
each supercapacitor stack so as to improve their lifetime.

Lastly, the parameters of the optimum ESS design are listed
in Table II. Next section deals with the control of this interface
converter.

Parameters Values
Energy Storage Submodule (ES-SM)
SM capacitor voltage, vu,lcsm 1.6 kV
SM capacitor, Csm 10 mF
Maximum power, Pmax

sm 20.83 kW (1 p.u.)
Interface converter Modular topology
Number of subconverters, Nmod 4
Subconverter characteristics
Switches MOSFET 600 V
Operating voltage, vcx 400 V
Inductance, L 0.91 mH
Intermediate capacitance, C 13 µF
Number of supercapacitors 115 (one row)
Supercapacitor cell, Ccell Maxwell 310 F
Maximum supercapacitor stack voltage, vmax

sc 310 V
Usable energy, Wsc 95 kJ

TABLE II: Main parameters of the chosen design for the ESS

IV. CONTROL OF THE PROPOSED INTERFACE CONVERTER

A. Control objectives

The main goal of the control scheme is to ensure that
the correct amount of power is exchanged from the ESSs to
the SM capacitors when an ancillary service is needed. For
an MMC without embedded ESSs, the submodule capacitor
voltages are controlled by the overall MMC control. However,
in presence of a storage unit, some changes are required in
this energy management. Several publications propose to use
the energy of the ESS to keep this voltage constant with the
help of the interface converter [14], [24], [25]. Consequently,
the control structure is significantly different from the case
without ESSs. As the goal is only to add a storage function to
extend the set of services of the converter, a better approach
consists in decoupling the management of the ESSs and the
MMC control. In this instance, the overall control remains
unchanged and the inclusion of ESSs does not lead to signif-
icant changes [16], [45] since these additional power sources
are seen as a disturbance for the energy control. The classical

energy control loops of an MMC are able to deal with this
disturbance to keep stable the SM capacitor voltage (e.g. by
sending energy to the AC side when ESSs feed energy). In
this paper, this philosophy is thus considered. Note that the
effectiveness of this strategy has already been demonstrated
in [20], using an arm average model, and in a more detailed
manner in [16], [46] considering the low level control (i.e.
capacitor voltage balancing algorithm) of an MMC.

Moreover, large uneven load distribution among subcon-
verters is not acceptable since components are not sized to
support significant variations. The voltage at the intermediate
capacitances vcx must be well-distributed.

In addition, the current iu,lsm, that flows toward the floating
capacitor of an ES-SM, corresponds to the switched arm
current iu,li which is composed of an AC and DC component.
Inevitably, this current contains AC components and steep
pulses. It leads to a voltage variation at the SM capacitor
terminals which are thus reflected at the ESS side [22], [23].
They induce a current with low frequency components at least
at the line and double line frequency that may deteriorate
the supercapacitor stack lifetime and cause its oversizing. The
control of the interface converter must mitigate these ripples
to ideally create a pure DC current in the stack.

Finally, the proposed topology relies on several subconvert-
ers. Each of them has its own supercapacitor stack with natural
discrepancies in their electrical parameters due to manufac-
turing process. Consequently, unbalanced aging occurs over
time. It is then necessary to implement balancing strategies to
avoid that SoCs of the supercapacitor stacks diverge from one
to another. Similarly, a control method has to be designed to
maintain an average SoC over time to deal with inherent ohmic
losses during successive discharging (or charging) events and
ensure a minimum energy content.

To comply with the control objectives mentioned above,
Fig. 6 shows the proposed control architecture of the interface
converter that will be discussed in the next subsections.

B. Control of the output power

According to the aforementioned objectives, an active power
set-point P ∗

sm is assigned to the ES-SM and equally distributed
among the Nmod subconverters. This reference is further
translated in a current reference for each supercapacitor stack
based upon the measure on their voltage vscx with x ∈ {1,...,
Nmod }. This inner current loop is illustrated in black in
Fig. 6. Because the SM capacitor voltage is regulated by
the MMC control, all subconverters must have an additional
outer voltage loop (in violet) except one which has its voltage
indirectly controlled. In this way, as the subconverters are
in series, one of them controls the current iu,lsto while the
others ensure the SM capacitor voltage, which is still managed
by the MMC overall control, is well distributed. To avoid
interferences between the inner current and outer voltage loop,
the inner loop response time is set several times faster. Note
that the average voltage vcx is regulated since the ES-SM
capacitor voltage has inherent fluctuations. Thus, a second
order Buterworth filter Fv is used. It is set to be faster than
the voltage loop to be treated as a unitary gain.
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Fig. 6: Control architecture of the modular interface converter

C. Cancellation of voltage fluctuations

When the ESS is controlled to keep the ES-SM capacitor
voltage constant, numerical filters can be added to the voltage
control loop to suppress low frequency components [24],
[25]. In the proposed control scheme, it is not feasible since
only the power delivered from the ESS is regulated for one
subconverter. To avoid AC components in the current that
flows through the stacks, a control action is implemented as
seen with the block diagram in blue in Fig. 6. The concept
consists in superimposing the voltage fluctuations of the ES-
SM capacitor on the duty cycle of each subconverter αx with
the help of a feedforward component α∗

0.

D. Energy management for supercapacitor stacks

The goal of this regulation is to address imbalance SoC
issues. An additional SoC management also completes this
controller with the aim of keeping the SoC of the superca-
pacitor stacks at a given level when they are unused. This
is done to keep the stored energy at an appropriate level to
deal with future requests. Note that their response time is set
sufficiently slower than the previously mentioned voltage and
current controllers to decouple control dynamics. Moreover,
the related current should also remain low in order to not
to impact the behavior of the ES-SM capacitor in normal
operation. Fig. 6 presents block diagrams in green and red
that illustrate those concepts.

1) Balancing strategy: This control forces each superca-
pacitor stack to follow the mean SoC value by adding a
small variation ∆v∗cx on the voltage set-point of the associated
subconverter. Since the branch current iu,lsto is common, the
power distribution can be slightly unevenly shared among
subconverters. As a consequence, the charge and discharge
rates in the supercapacitor stacks are not identical. This allows
a controlled balancing. One can remark that it also implies to
consider the sign of the power flow. If a stack has a voltage
vscx lower than the other stacks, when iu,lsto is positive, it should
be less discharged and its voltage vcx decreased. Conversely,
if iu,lsto is negative, this voltage has to be larger than for the
other subconverters to provide more energy to this stack.

2) State of Charge management: This strategy imposes that
each supercapacitor stack converges toward a given average
voltage vsc

∗ when the energy storage is not used (P ∗
sm =

0), assuming the aforementioned balancing controller is fast
enough. Note that a long time response is chosen to limit
the effect of this action on the ES-SM capacitor and make it
unnoticeable for the MMC operation.

E. Simulation results

In this subsection, to validate the effectiveness of the
proposed control, simulations of an ES-SM are carried out
in MATLAB/Simulink. The interface converter with its su-
percapacitor stacks is modelled with an average model and
connected to a capacitor with a controlled current source
in parallel to model the current iu,lsm. To simulate realistic
conditions, a detailed model of an MMC, where each SM in
an arm is individually represented, has been used to generate
the switched waveforms of this current. The real dynamics of
the converter are thus conserved. Specifications are the same
as stated in Section II and Table II.

In Fig. 7, the voltage and current waveforms in an ES-SM,
when no energy is requested from the ESS, are presented.
Fig. 7a shows that the oscillating voltage at the ES-SM
capacitor is correctly distributed between subconverters. If
the cancellation of voltage fluctuations is not introduced,
fluctuations are reflected in the supercapacitor stack as seen
in Fig. 7b and 7c. This implies the presence of harmful
low frequency current components. By contrast, the dynamic
clearly changes in presence of the proposed active filtering.
As shown in Fig. 7b and 7c, those ripples are removed which
leads to greatly improve the performance of the supercapacitor
stack over its lifetime.

The obtained results with the proposed energy management
are illustrated in Fig. 8. The ESSs of the MMC are used
to provide a symmetrical response of 25 MW, which means
0.5 p.u. by ES-SM (see Section II and Table II). The time
response is limited at 500 ms since these new ancillary services
can require a maximum activation time comprised between
500 ms and 1 second [28]–[33]. The supercapacitor stacks
are thus discharged and charged successively after their SoCs
are randomly initialized as seen in Fig. 8b. Fig. 8a and 8c
show the power px for each subconverter and the variations
of the average voltage at their intermediate capacitance vcx .
As observed, the ES-SM provides the requested power. As
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long as the correct amount of power is supplied to the ES-
SM capacitor, the structure of the interface converter does
not change the dynamics of the ES-SM capacitor voltage and
the ancillary services that have to be provided by the MMC
with ES-SMs. Finally, the voltage of the supercapacitor stacks
clearly converges in Fig. 8b. This means that the unequal
power distribution strategy for the balancing purpose works
correctly.
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V. EXPERIMENTAL RESULTS

In order to validate the proposed concept and control meth-
ods, a downscaled prototype of an ES-SM has been designed
and a controller has been implemented with a rapid control
prototyping approach. The overview of the test bench and its
schematic representation, with the main parameters, are shown
in Fig. 9 and 10.

The board is based on a connection of three subconverters
in series, with split supercapacitor stacks connected to a main
capacitor powered by an external bidirectional power supply.
Each of them consists in an half-bridge converter with a stack

SpeedGoat real time target machine

Reduced scale prototype
Toward external 

power supply

Fig. 9: ES-SM downscaled prototype test bench

Reduced

scale prototype

External  

 power supply

4.92 mF
35 V1.3 mH

30 μF

50 kHz

4 cells
25 F

Fig. 10: Schematic of the downscaled prototype

of four supercapacitors of 25 F in series with a self-controlled
cell balancer to avoid over-voltages. The ES-SM mock-up
and the power supply are controlled by a SpeedGoat FPGA
real-time target machine. The high level control algorithm,
developed under Simulink, is thus directly imported from a
workstation. The FPGA retrieves all the necessary measure-
ments from the board. It generates the modulation signals,
transmits the firing signals by fiber optics and manages the
protection of the test bench.

For the purpose of the test, the regulation of the ES-SM
capacitor voltage is performed by controlling adequately the
power supply in order to generate a current shape iu,lsm similar
to what can be observed in a conventional MMC. This means
that a balancing control algorithm of the SM capacitor voltages
is emulated, and a switched current from the power supply
is provided as if the ES-SM belongs to an MMC arm. As
a results, the capacitor voltage dynamics is kept with a non-
smooth slope (i.e. a constant ES-SM capacitor voltage denotes
the ES-SM is bypassed in the MMC arm). Fig. 11 illustrates
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the main waveforms for an idle operation mode with no energy
exchange. A detailed view of the switched ES-SM capacitor
current is depicted in Fig. 11a. It leads to fluctuations on
the ES-SM capacitor voltage which are correctly distributed
among the three subconverters thanks to the proposed control
scheme as seen in Fig. 11b. Note in Fig. 11c that the current
in a supercapacitor stack does not contain low frequency
components when the active filtering is enabled.

Finally, the ESS is used to absorb or provide energy. The
balancing control scheme is tested in Fig. 12. At first, this con-
trol was disabled and the supercapacitor stacks were charged
and discharged successively with a symmetrical load profile.
This led to unbalanced stack voltages as seen in Fig. 12a and
d. The balancing controller is turned on at t = 1350 sec.
From there, it creates an unequal power distribution among
subconverters. It can be seen that significant SoC differences
lead to larger variations on the intermediate capacitor voltages
as shown in Fig. 12c. After several cycles, SoCs are well-
balanced as shown in Fig. 12d. Similarly, the average SoC
is kept constant throughout the whole test. This implies that
the SoC management works properly. Note in Fig. 12b that
transients are present on the ES-SM capacitor voltage, which
is due to the energy based control scheme used to emulate the
MMC control. On the test bench, this loop has a limited time
response compared to the faster action of the ESS.

VI. CONCLUSION

This paper introduces an interface converter for a submodule
of an MMC-HVDC with embedded storage to provide fast fre-
quency services. It is often quoted in the literature that this so-
lution can enhance grid stability. However, the technical issues
regarding the interface converter between the SM capacitor
and the energy storage element is rarely discussed. Therefore,
the design and the control of this structure have been investi-
gated. Supercapacitors have been interfaced to the submodule
capacitor by the means of a non isolated modular converter
made of a series connection of half bridge subconverters
using fast switching semiconductors such as MOSFETs. The
proposed interface converter offers an additional degree of
freedom to the designer for implementing an appropriate ES-
SM. Fast switching semiconductors used close to their rated
values allows to reduce the total cost and volume of the
solution. In this paper, typical switching frequencies have been
considered and further works can be performed to define the
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optimal switching frequency for each considered topology. To
some extent, it would help to minimize a criterion such as
volume or cost. From an energy management standpoint, the
proposed ESS control is independent from the conventional
MMC control, which remains unmodified, as if there were
an auxiliary power source for the submodule capacitor. By
simply receiving a power set-point, additional energy can be
brought to adjust the internal energy of an MMC when AC
and DC powers are decoupled. From a systemic point of view,
the interface converter acts identically, and with the same level
of performance, as other converters in the literature. Besides,
further studies could be carried out to compare the different
perspectives of control implementation of the ESS at the MMC
level. An energy management scheme is also proposed to
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address balancing issues of the distributed ESSs within a
submodule. Moreover, to avoid performance degradation due
to the inherent low frequency components of an MMC, an
active filter has been designed. In addition, attractive energy
management perspectives are offered by dividing the ESS in
several subconverters rather than having a long row of super-
capacitors as mentioned. Finally, to validate the concept, the
feasibility of the solution has been demonstrated in simulations
and on a downscaled prototype.
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H. Leu, “Integration of batteries into a modular multilevel converter,” in
2013 15th European Conference on Power Electronics and Applications
(EPE), Sept 2013, pp. 1–12.

[13] N. Kawakami, S. Ota, H. Kon, S. Konno, H. Akagi, H. Kobayashi,
and N. Okada, “Development of a 500-kW modular multilevel cascade
converter for battery energy storage systems,” IEEE Transactions on
Industry Applications, vol. 50, no. 6, pp. 3902–3910, 2014.

[14] M. Vasiladiotis, “Modular Multilevel Converters with Integrated Split
Battery Energy Storage,” Ph.D. dissertation, STI, Lausanne, 2014.

[15] I. Trintis, S. Munk-Nielsen, and R. Teodorescu, “A new modular
multilevel converter with integrated energy storage,” in IECON 2011-
37th Annual Conference on IEEE Industrial Electronics Society. IEEE,
2011, pp. 1075–1080.

[16] P. Judge and T. Green, “Modular Multilevel Converter with Partially
Rated Energy Storage with Intended Applications in Frequency Support
and Ancillary Service Provision,” IEEE Transactions on Power Delivery,
pp. 1–1, 2018.

[17] W. Zeng, R. Li, and X. Cai, “A New Hybrid Modular Multilevel
Converter with Integrated Energy Storage,” IEEE Access, pp. 1–1, 2019.

[18] L. Zhang, Y. Tang, S. Yang, and F. Gao, “Decoupled Power Control for
a Modular-Multilevel-Converter-Based Hybrid AC–DC Grid Integrated
With Hybrid Energy Storage,” IEEE Transactions on Industrial Elec-
tronics, vol. 66, no. 4, pp. 2926–2934, April 2019.

[19] B. Novakovic and A. Nasiri, “Modular Multilevel Converter for Wind
Energy Storage Applications,” IEEE Transactions on Industrial Elec-
tronics, 2017.

[20] F. Errigo, J. Gonzalez-Torres, A. Benchaib, L. Chédot, P. Venet, A. Sari,
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