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Abstract—The modular structure and the many other
advantages of the Modular Multilevel Converter makes it
an attractive converter for Battery Energy Storage Systems,
allowing the battery units to be distributed throughout the
convert, connected in each submodule. However, such an
arrangement results in large oscillating components in the
battery current, which is harmful to battery performance and
lifetime. In most literature this is solved using DC-DC converters
as active interfaces between battery and submodule.

This paper investigates a passive filter arrangement as
an alternative solution to the DC-DC converters. Where the
batteries are interfaced with the submodules using a passive
filter that suppresses the fundamental component and control
technique that injects circulating current to suppress second
harmonic component. It is concluded that this passive technique
could be an attractive solution especially where high reliability
is of concern.

Keywords—Modular Multilevel Converter (MMC); Battery
Energy Storage System (BESS); integrated split-battery; circu-
lating current injection; passive filter interface

I. INTRODUCTION

Battery Energy Storage System (BESS) provide multiple
support to grid applications and are main source of power in
other applications such as all electric ships, electric vehicles
etc. [1]. In a classical arrangement, the batteries are connected
in series and then paralleled to form the low voltage DC source
with required power rating. These units are connected to the
DC link of 2 or 3 level power converters, where AC side
voltage is limited by the low DC voltage.

The Modular Multilevel Converter (MMC) allows battery
units to be connected directly into the submodule. Integrat-
ing the battery units in a distributed manner throughout the
converter (Fig. 1). This arrangement takes advantage of both
the modularity of battery units and the converter modular ar-
rangement. This gives one important advantage; The maximum
achievable AC side peak voltage is now related to the number
N submodules in each arm of the MMC times the battery
voltage. Allowing high AC side voltage and at the same time
low DC battery voltage.

This is advantageous because battery cells needs to be series
connected to reach high voltage. And series connected cells
(especially for Li-ion) require Battery Management Systems
(BMS) to monitor and balance State Of Charge (SOC) on each
level in the series connection, if they are to be operated safely.

This increases complexity of the BMS for each added level,
finally leading to a maximum achievable battery voltage.

Taking into account that the MMC also features high
voltage capabilities, high efficiency and low harmonic
distortion finally makes this converter structure attractive to
be used also in BESS applications.

The impediment of the split-battery arrangement described
in the last section is that the current flowing in the MMC
submodules has large oscillating components at low frequency
that can be harmful to the battery performance and lifetime. To
solve this, the battery can be connected to the submodule using
an active interface (DC-DC converter), which can mitigate
theses components and provide a fixed DC output, allowing
safe battery connection. This method needs an additional DC-
DC converter and sophisticated control tuned properly with
the MMC control loops [2]. Additionally, if a DC load is
present, a separate DC-DC converter is necessary. The active
interface, therefore, increases the complexity and decreases the
reliability of the converter.

Therefore, in applications requiring high reliability, the
passive interface appears to be suitable, at least in the case
of the cascaded H-bridge proposed in [3]. This arrangement
decreases the number of active components and increases the
overall reliability. However, in case of the MMC, as apposed
to the CHB, there are two separate low order frequencies
present in the submodules. Therefore, this paper presents
an alternative solution of injecting a circulating current in
the MMC that removes one of the oscillating components
and then employ a resonant filter as battery interface, tuned
to mitigate the other frequency. Together with a lowpass
branch in the filter, this can considerably lower the oscillating
components in the battery current.

Another important topic that needs to be considered when
realizing an MMC based BESS with integrated split-battery,
is battery unit balancing. All the units connected to each
submodule requires its own local BMS to balance all the cells.
But for the system as a whole, it is also important that all the
battery units can be balanced. This requires a higher level
of BMS, which needs to be implemented through the control
system of the MMC. Balancing across the phases (legs), upper
and lower arm, and among submodules can be realized through
power control. This is done by controlling the common-mode-
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Fig. 1. Modular Multilevel Converter with batteries connected to submodules
using passive interfaces

voltage, injecting circulating current at fundamental frequency
and index modulation respectively. All these controllers are
employed in a regular MMC to ensure balanced submodule
capacitors and are adapted to the case of battery balancing in
[2] and [4].

These techniques can also be employed when using passive
interfaces. But the fact that the passive interface also can be
defined as a direct interface, meaning that the battery voltage
will have a direct relation to the submodule voltage, results
in some additional challenges. 1. In the case of unbalanced
battery units, the MMC needs to be able to operate with
different submodule voltages. And 2. the different currents
flowing through the batteries when balancing will also result
in differing battery and submodule voltage due to the battery
internal resistance.

This finally leads to the necessity of an additional control
layer that can counteract the differing submodule voltages,
which is necessary to prevent interruption of battery unit
balancing and injection of DC current to AC side. This is
done in [5] by injecting DC component in the arm voltage
references.

This paper is organized as follows. Section I has introduced
the proposed passive technique and the split-battery arrange-
ment in an MMC based BESS and identified some issues
and advantages. Section II analyses the proposed technique
in detail, covering the circulating current injection technique,
filter design and some simple loss estimations. Section III
presents simulation results and simple lab experiment. Section
IV finally concludes the paper.

Fig. 2. Simplified MMC circuit, deriving vqrm and upper and lower arm
currents

II. THE PASSIVE TECHNIQUE
A. Submodule Current Analysis

To see the power that the submodules need to buffer during
operation, which is proportional to the current that would flow
through the batteries, lets consider the arm power equation.
Using the definitions derived in Fig. 2:

Vdc

Parm = Varmlarm = ( 2

Fo) (£ 2 +ic) (D)

Where i, is defined as the circulating current that only flows
within the legs of a 3-phase MMC. This further developes to:
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Power in upper arm of Fig. 2 is expressed as (2), but as
expressed in (1), first and last term would have opposite signs
for lower arm. The last term can potentially produce a DC
component if circulating current of fundamental frequency is
injected. The circulating current, therefore, enables control of
arm power difference. But for this analysis these signs do not
make a difference and the characteristics that is to be derived
from (2) will represent all the arms.

Circulating current suppression can be achived using several
well known techniques [6]. So it is safe to simplify (2)
assuming ¢, = 0.

Parm:

Vie 1 7
Parm:%é}_vggg (3)

Further, using trigonometric identity of product of cosine,
(3) can be rewritten as (4) if a modulation index and power

factor of unity is assumed, resulting in % =0y and ¢ = 0.
1.V,
Parm = 1ig=3° [2c0s (wt) — cos 2wt + 1} @)

Equation (4) finally show that there are two low frequency
components, fundamental and 2nd harmonic, present in the
arm power. Having twice and the same peak amplitude in
relation to the DC component respectively. Illustrated in Fig.
3, with 50 Hz defined as fundamental frequency.

Current consisting of approximately the same components
would flow through the batteries if they where connected
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Fig. 3. Illustrated waveform and its FFT from (4)

directly to the submodules. Where only the DC component
would do any active power transfer.

Notice also that in regular MMC operation, where power
is flowing between the main DC link and the AC side, i,
would contain a DC component. This component cancels the
DC component found in (4). In case of the split-battery ar-
rangement considered in this paper, there is no power (current)
flowing from the main DC link. Hence resulting in zero DC
component in ., but a DC component in the arm power
instead. Since the power source i.e. the batteries, are place
within the arms.

B. Second Harmonic Suppression using Circulating Current

One impediment of the MMC is that the capacitor energy
storage requirement is inversely proportional to the output
frequency. This is a problem when adapting MMCs to low
frequency applications. Therefore in [7] a technique to decou-
ple the arm energy fluctuations from the output frequency for
adaption of the MMC to variable speed drives is proposed.
Later in [8] a similar technique to reduce peak to peak
arm energy fluctuations in the MMC for use in frequency
converters in rail power supply is proposed. This technique
cancels the second harmonic arm power fluctuation and is also
described in [9] and [10].

Therfore, the second harmonic component shown in (4)
and Fig. 2 can be mitigated using the technique in [8]. To
understand this technique, look at the third term in (2), vg%’,
which produces a second harmonic component and a DC
component. Since the circulating current only flows within the
three converter legs and can be controlled without interfering
with AC or DC side, the second term in (2), Vgc 1, provides
the possibility of canceling that second harmonic component
by injecting the following circulating current.
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Fig. 4. Illustrated waveform and its FFT from (8)

(6) suggests that a circulating current with second harmonic
frequency and in phase with the output current will cancel the
second harmonic arm power fluctuation.

Injecting this circulating current into (2), assuming ¢ = 0,
will result in the following arm power.

1 Ve Ve 10 io 1
Porm = 57‘129 cos (wt) — Zde Ug:Cg 5 cos (2wt)}
1.4 1. .
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@1’3295 [cos (2wt + wt) + cos (2wt — wt)}

This can be further developed to (8). Assuming modulation

index of unity so that Vgc = Dg:
1. Vier. 3 1
= Zig ; {1 + 5 cos (wt) — 5 cos (Swt)} (8)

This proves that the injected circulating current mitigates the
second harmonic component. It also lowers the fundamental
oscillating component with 25 %. But on the downside it also
introduces a component at the 3rd harmonic frequency, with
a peak amplitude of 50 % in relation to the DC component.
This is illustrated in Fig. 4 with waveform and FFT.

C. Filter Design

The last section showed that the filter needs to attenuate
one large fundamental component, and a smaller 3rd harmonic
component. A lowpass filter could be utilized to do this,
but to attenuate such a low frequency as the fundamental
component, very bulky components would be required.
Therefore, a resonant filter is a more feasible choice.
In Fig. 5 three different resonant filter arrangements are
shown. All these filters can be tuned to attenuate a specific
frequency. The double-tuned [11] can also attenuated two
frequencies, which could be tuned to the fundamental and 3rd
harmonic frequency. The C-type filter [12] provides a wider
damping area which makes it easier to realize with real-world
components. But in in this paper only the conventional
single-tuned LC resonant filter will be investigated. This
type of filter provides the best attenuation at the resonant
frequency, which in this case is important regarding the large
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fundamental component it needs to filter.

The complete proposed filter is similar to the passive
filter in [3], and is presented in Fig. 6. A resonant branch
combined with a lowpass branch, (a) with lowpass inductor,
and (b) without. The switches represents the submodule and
the battery is modeled as a voltage source in series with the
internal resistance.

First, to tune the resonant filter, the values of L, and C,
where the resonant branch impedance is zero is located as,

1
jwL, + —— =0 9
Jw 4—JwCh )
Where, j2 = —1 and w = 27 f,, gives,
_ 1
- 27/L,C,

At this frequency the only impedance in the resonant branch
is the resistance R,. This frequency can be tuned to the
fundamental frequency as.

Jr (10)

ua:( (11)
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To further analyze this filter, the transfer function is obtained
as,
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Where n(s) and d(s) for the filter in Fig. 6(a) are given at
the top of the next page. Setting L; = 0 will give filter (b).
The Bode plots of transfer function (12) is shown in Fig. 7,
8 and 9, where different filter component values are varied to
analyze filter performance.

Fig. 7 show how battery internal resistance Rp,; and
resonant branch resistance R, affects the frequency response.
For each of the three lines, Rp,; is decreased and R, is
increased. This shows that it is crucial for the performance
of the resonant filter, that R, is very small compared with
Rpqe. Since battery resistance typically is very low, especially
for Li-ion and high capacity batteries, 2, should ideally be
zero. Unfortunately there is always an ESR in real-world
components, this should be minimized for optimal filter
performance.
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Fig. 8 show frequency response of filter (a), for differing
inductance values on Ly. It shows that an inductance of
roughly 1 mH is required before it will improve the damping
of the 3rd harmonic component. At this size it also introduces
a resonant top near the 2nd harmonic frequency. This could
be problematic if the circulating current does not completely
mitigate this component.

Also, this inductor needs to carry DC current. To avoid
saturation, this could lead to a bulky component. Which
finally leads to considering a case without this inductor.

Fig. 9 show how the capacity of the lowpass capacitor
affects the frequency response of filter (b). And it shows that
a high enough value will attenuate the 3rd harmonic even
without the lowpass inductor.

D. Simple Loss Estimation

Both the injected circulating current and the interface filter
will result in additional power loss for the system as a whole.
Estimating these losses can be a comprehensive task, so the
scope of this paper is limited to do a simplified estimation.

The injected circulating current will inevitably increase
the arm currents that flow inside the converter. Increasing
switching losses and conduction losses in the submodules, and
in other ESRs inside the converter legs. The power losses in
resistance are proportional to square of the arm currents RMS
values, according to P = RI 2. Hence, increased RMS value of
the arm current is calculated to estimate the additional internal
converter losses.

With suppressed circulating current this gives.

TN S 1 /t+T ('zg coS t>2dt 1 ~ (13)
Ve — — — = ——
arm T . 9 w 2\/5 g9

Then, injecting circulating current with peak amplitude of

% which can be simplified to %" with modulation ratio of
5 Vae

1 so that de = g, gives:

1 t+T i % 2
Garmying = ?/t (557 coswt + Zg cos th) dt  (14)

Doing the integration’s in (14) results in:

This corresponds to an increase of % = 11.6 %, which
will increase RI? losses with 24.5%. Considering the low
internal losses in the MMC, this will result in less than 1%

of total efficiency reduction.

The additional losses introduced in the filter will mainly
be due to the ESRs in the resonant and lowpass branches.
To estimate these power losses, lets assume that all the AC
components, fundamental and 3rd harmonic, flow through
them. This gives and RMS of

1 /3 1
i fn 3 = —7=\3 =) tde = V2ige 16
(zf d+13d) \/5(2—1-2)% V2ig (16)
If all the AC components are to flow through the filter
branches, that will imply that the ESRs must be very low.
But instead lets consider a case where the ESRs are fairly

high. R, = Ry = 0.5Q with i4. = 1A this gives

™ms

Plitver = 0.5(\/5)2 1w a7

To relate this loss to something, lets assume a battery
voltage of 100 V, V. = 100V. This means that the battery
power would be 100 W, and hence the filter loss would
correspond to approximately 1 %.

III. SIMULATION AND LAB

The proposed interface solution has been implemented in
an MMC model built in Matlab/Simulink. Table I show the
most important parameters. The AC side is loaded with pure
ohmic resistances and power control is running open loop. A
double-line-frequency negative dq-frame controller, [13], is
implemented to inject the desired circulating current.

TABLE I
SIMULATION PARAMETERS
MMC parameters Filter parameters
Number of submodules per arm N, =4 Iy 10.13 mH
Arm inductance Larm =1 mH Cs 1 mF
Open circuit battery voltage Voe =300V R, 0.1
Load Resistance 100 ©2 Cnn, 2 mF
Modulation index m=1 Rgm 0.01 Q
Carrier frequency (PS PWM) fpwa = 800Hz Ly 0
Fundamental frequency fae =50Hz Rpay 20

Fig. 10 show the current that is flowing through the
submodules before any filtering and only with suppressed
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Fig. 11. Waveform and FFT of battery current with injected circulating current
and passive interface filter

circulating current. Together with its FFT it shows very
similar characteristics as was derived in section II. The 50 Hz
component has a magnitude of 191 % and the 100 Hz 93.3
% relative to the DC component of 2.57 A.

Fig. 11 show the battery current with the given filter in
place and with an injected circulating current corresponding
to what was derived in (6). Together with its FFT it
shows that the circulating current almost mitigates the 100
Hz component, now at 1.55 %. And the resonant filter
mitigates the 50 Hz component down to 6.78 %. Also a
150 Hz component is now present with a magnitude of 12.8 %.

These simulations therefore back up the characteristics
derived through section II.

A simple resonant filter of film capacitors and radially
leaded inductors was soldered together in lab, Fig. 12, and
run through a frequency sweep to reveal its resonant filter
frequency response. With two paralleled capacitors on 100 uF
as much as 50 mH inductance is needed to give a resonant
frequency of 50 Hz. In lab the total ESR in the branch was
1.7Q out of which 1.2 is due to the indcutors. For Li-ion
and high capacity batteries this will result in poor filter perfor-
mance. To significantly reduce the ESR, increasing capacitance
and decreasing the inductance should be considered. Both
measures resulting in lowered ESR. To realize such a filter
in a feasible size, electrolytic capacitors needs to be used.
Methods such as paralleling several capacitors and increasing

Fig. 12. Resonant filter in lab

cross section of the copper wire should also be employed to
lower ESR further.

IV. CONCLUSION

This paper has investigated the two-legged solution of 1.
injecting a circulating current that cancels second harmonic
arm power fluctuations and 2. employing a passive filter
between submodule and battery, to mitigate harmful AC
currents that otherwise would flow through the battery in a
split-battery MMC arrangement. Theoretical and simulation
results indicates that this solution is capable of solving its
intended task without reducing the efficiency of the converter
significantly. Minimizing ESR in resonant branch of the filter
is of high importance for the filter performance. Finally,
providing a more reliable an less complex solution compared
to the DC-DC converter interface which has been used in
most literature.
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