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ABSTRACT The modular multilevel converter (MMC) can integrate distributed energy systems (DES),
such as a battery energy storage system, to expand its functionalities and carry out multiple simultaneous
tasks. However, a DES induces power imbalances within the MMC, which affects the operating currents
and voltages of the converter. This phenomenon has been partially covered in recent works, but an analytical
analysis has not yet been carried out to see the behavior and implications in different MMC-DES applications.
This article introduces a novel analytical analysis of the power imbalances between MMC clusters. It pioneers
the development of general equations and imbalance capability metrics, enabling the assessment of maximum
currents and voltages supported by the MMC clusters. The developed tools allow the evaluation of any
MMC-DES application regarding the current and voltage rating requirements of MMC clusters. The analysis
shows that the MMC operating mode can substantially restrain or enlarge its imbalance capacity, affecting
its suitability for different DES applications. While it needs around 33% current overrating in the worst
imbalances, under some operating modes it can reach most imbalances without requiring current overrating.
The ac compensation mode is much more capable of achieving imbalances than the dc compensation mode,
reaching 88.37% and 16.74% of the imbalance points, respectively, without requiring any overrating.

INDEX TERMS Ac–dc power converters, modular multilevel converter (MMC), power imbalance, battery
energy storage system (BESS), current rating, operation limit.

I. INTRODUCTION
The modular multilevel converter (MMC), also known as dou-
ble star bridge cell, has gained much relevance during the
last 20 years. Its modularity makes it convenient for medium
to high voltage use cases and easy to maintain and repair.
Although it is currently used in fields, such as high-voltage
dc transmission and medium voltage motor drives, researchers
continuously explore new applications to exploit its potential
fully.

Several proposals exploit the fact the MMC can perform
three conversion stages simultaneously by attaching a dis-
tributed energy system (DES) to the submodules (SMs),
forming an MMC-DES (see Fig. 1). The SM dc-link capacitor,
which is usually floating, can be connected to a DES com-
ponent either directly or through a dc–dc conversion stage.

An MMC-DES has the capacity to exchange energy in any
direction between the two main ports and the DES, being able
to carry out multiple simultaneous tasks.

The most widely proposed and studied type of DES is the
distributed battery energy storage system (BESS) [1], [2], [3],
[4]. Note that a BESS could also be used along an MMC in
a centralized manner, by connecting it to the main dc-link,
instead of as a DES. However, integrating the BESS in a
distributed manner results in greater reliability and robustness
to failures [3], [5]; is more efficient [6]; and reduces the ded-
icated battery management system hardware, as the state of
charge (SoC) control can be performed actively by the MMC
up to the SM level.

An MMC-BESS can interface ac and dc grids while pro-
viding complementary services [7], [8], [9], [10], which
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FIGURE 1. MMC-DES topology.

incorporates a new feature into a common MMC application.
The MMC-BESS has also been studied to function as a STAT-
COM with active and reactive power provision [11], [12]. It
can also be used to counter variability in wind generation at
the turbine level, providing fault ride-through capability [13],
or serve as the primary EV power conversion system [14],
[15], [16], which are new fields for the MMC. One possible
new application for the MMC-BESS is the implementation
of second-life battery packs. As recycled batteries can vary
greatly in their capacities, states of health (SoH) and remain-
ing lifetime, the modularity in MMC-BESS control can be
used to independently manage small subpackages of batter-
ies depending on their specific requirements. In addition, the
hardware modularity of the converter can be used to easily
replace subpackages of batteries when they reach the end of
their lifetimes without affecting the overall package.

Another studied DES is the distributed photovoltaic (PV)
system [17], [18], which can manage a solar plant with a sin-
gle converter while having great granularity in the maximum
power point tracking (MPPT) control of different sections of
the plant. Other proposed types of DES include solid-state
transformers [19], [20], [21], [22] and hybrid DES [23], [24].
In particular, the hybrid MMC-PV-BESS has been recognized
as a possible future trend [10], [25], [26].

Due to its distributed nature, a DES may transfer an uneven
amount of power among the SMs, generating power imbal-
ances within the converter. These imbalances can be large or
small depending on the application, but all MMC-DES appli-
cations can be subjected to imbalances as a balanced DES can
have an SM failure, affecting the power transfer of one SM.
MMC-BESSs need to generate power imbalances to control
the batteries SoC, which can be quite large if the batteries have
poor SoH or if they are second-life heterogeneous batteries.
Likewise, MMC-PVs require imbalances to handle the MPPT,
which can be large under partial shading conditions.

MMC internal power imbalances can be classified into intr-
acluster and intercluster. Intracluster imbalances occur among
SMs within a single cluster, whose aggregated power is re-
ferred to as cluster power. Those imbalances can be managed
through sorting of SMs [7], [27], [28] or by adjustments
in their modulating voltages [2], [3], [29]. Intercluster im-
balances occur between different clusters of the MMC and
can be further subdivided into horizontal and vertical imbal-
ances [30]. Horizontal refers to an imbalance between the
aggregated power of different phases, while vertical refers to
imbalances between the two clusters of the same phase. Inter-
cluster imbalances are managed through circulating currents
that distribute the power among the clusters without affecting
the main MMC ports power [30], [31].

The minimal amount of circulating current occurs when all
the power is evenly balanced among the clusters, whereas
an unbalanced power distribution requires the injection of
additional currents. Depending on the operating point, the new
aggregated cluster currents can be higher or lower than the
nominal currents, and they can grow considerably with large
imbalances. Therefore, it is essential to determine the size of
these currents during the design stage of the converter to select
electrical components that can withstand them.

Analytical research on the effects of intercluster imbalances
has been conducted on the cascaded H-bridge (CHB) [32],
[33], but to the best of our knowledge, the MMC has not
been studied from this approach. Existing work on MMC-
DES intercluster imbalances conducts only numerical analysis
and simulations for a bounded operating point and a specific
application [7]. This approach lacks the generality that an
analytical expression provides for both the converter operating
point and type of DES. Former analytical research on the
MMC-DES encompasses only intracluster imbalances [27],
[34], [35], but considering only those imbalances limits the
scope to SM voltage and DES current, leaving out cluster
currents and voltages.

This article introduces a novel analytical analysis of the
intercluster imbalances in an MMC, which has not been done
before. Thus, the contribution of this article is in the devel-
opment of general equations and new imbalance capability
metrics that allow evaluating the maximum currents and volt-
ages imposed to the MMC clusters. The developed analytical
expressions are relevant as, to the best of our knowledge,
currently there is no analytical formula to calculate the cluster
current of an unbalanced MMC. The conducted analysis pro-
vides an in depth understanding of the effects that intercluster
power imbalances have on the MMC. This article also pro-
poses a mathematical representation of DESs based on their
expected imbalance capabilities, and utilizes the new expres-
sions to analyze the strain that different applications could
exert on an MMC. The developed expressions were validated
through experiments and simulations.

The rest of this article is organized as follows. Section II
presents the MMC equations and the MMC-DES operating
modes. Section III briefly describes the implemented control
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FIGURE 2. MMC-side model.

method. Section IV defines the imbalance metrics and de-
rives the mathematical relation between converter variables
and intercluster power imbalances. Section V analyzes how
different possible MMC-DES imbalance ranges relate to the
hardware overrating requirements. Section VI showcases the
experimental and simulated results that validate the previous
mathematical derivation and analysis. Finally, Section VII
concludes this article.

II. CONVERTER MODEL
This work focuses on modeling the MMC-side of the MMC-
DES, as it primarily concerns MMC design and analysis.
From the perspective of the MMC-side, the DES-side can be
seen as either a dc voltage source or a variable current source
in the SMs. In this research, the DES is modeled as voltage
sources because it facilitates the analysis and is more akin to
the BESS application. Furthermore, the DES-side modeling
depends on the DES type and is beyond the scope of this work.

A. MMC-SIDE MODEL
The MMC-side circuit model is illustrated in Fig. 2. The
subscript χ ∈ {a, b, c} represents the phases, while y ∈ {u, l}
represents the upper or lower cluster per phase. Each submod-
ule SMyχ,n, n ∈ {1. . .N}, contains a capacitor whose voltage
vCyχ,n sets the voltage available from the SM and is controlled
to match the reference VSM.

The voltage of all the connected SMs in one cluster adds
up to form the cluster voltage vyχ . The converter model can
be simplified by representing all the cluster SMs as an aggre-
gated voltage source of value vyχ . While the cluster voltage
is a switched voltage, the present modeling considers it to
be equal to the modulated reference voltage, discarding the
high-frequency components that relate to the switching. That

approach is sufficient to analyze and control intercluster phe-
nomenons, which are the concern of this work. Nevertheless,
the switched model is still necessary to maintain a stable con-
trol of the intracluster phenomenons of the converter. Three
groups of currents can be directly identified in the converter:
the dc port current idc; the ac port currents iχ ; and the cluster
currents iyχ . The cluster currents can be decoupled into two
overlapping current sets, the circulating currents izχ that do
not contribute to the output ac ports, and the currents that
flow across the clusters into the ac port forming iχ . The MMC
currents are related by the following equations:[

iχ
izχ

]
=
[

1 −1
1/2 1/2

]
·
[

iux

ilx

]
(1)

idc =
∑
χ

izχ . (2)

All converter currents can be defined by only iχ and izχ
(1), (2). Both their state equations can be derived from the
Kirchoff’s voltage law and (1), but they have coupled control
variables vuχ and vyχ . This can be overcome by defining and
applying a �� transform [36] [37] to the cluster voltages[

v�
χ

v�
χ

]
= 1

2

[
1 1

−1 1

]
·
[
vuχ

vlχ

]
. (3)

It is noted that the common mode voltage of the converter is
directly related to the zero sequence component of v�

χ as

vcm =
∑
χ

vlχ − vuχ

6
=
∑
χ

v�+
χ + v�−

χ + v�0

3
= v�0.

(4)
Two auxiliary terms are defined to write the state equations in
a more compact manner

Rε = Rs + 2Ro

2
, Lε = Ls + 2Lo

2
. (5)

Replacing (3), (4), and (5) in the standard state equations
yields the final state equations

diχ
dt

= 1

Lε

(
v�+−
χ − Rε iχ − vgχ

)
(6)

dizχ
dt

= 1

Ls

(
−v�

χ − Rsizχ + Vdc

2

)
. (7)

The MMC power analysis is typically summarized into the
ac and dc ports power

Pac = −3IgVg

2
, Pdc = IdcVdc. (8)

The negative and positive signs of the ac and dc powers are
due to the direction of the currents defined in Fig. 2.

In presence of a DES, it is essential to also consider the
cluster power Pyχ in the analysis of the converter. The cluster
power is the power that each cluster sends or receives from
the DES. For convenience, the �� transform is applied to the
cluster powers as well, obtaining P�

χ and P�
χ . The original
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cluster powers are just

Puχ = P�
χ − P�

χ , Plχ = P�
χ + P�

χ (9)

where P�
χ is the average cluster power of phase χ , and P�

χ is
the power imbalance between the clusters of phase χ .

Due to the principle of orthogonality of different frequen-
cies h, the clusters power can be desegregated into each
frequency contribution

P��
χ =

∑
h

P��
χ,h (10)

where in this case h ∈ {0, 1}. The power equations can be
derived by better defining the converter variables

vgχ = Vg sin(ωt + θχ )

iχ = Ig sin(ωt + θχ )

izχ,0 = Izχ,0

izχ,1 = Izχ,1 sin(ωt + φzχ ) (11)

where θχ is the grid voltage phase angle and φzχ is the an-
gle of the circulating current respect to the phase angle. The
converter is assumed to operate with unitary power factor, and
thus it is assumed that the iχ current is controlled to match
the θχ grid voltage angle. Setting aside the active power oscil-
lating components, the resultant equations are the following:

P�
χ,0 = −RsIzχ,0

2 + 1

2
VdcIzχ,0 (12)

P�
χ,0 = 0 (13)

P�
χ,1 = −1

2
Rs

(
Izχ,1

2 + Ig
2

4

)
− 1

4
RoI2

g − 1

4
VgIg (14)

P�
χ,1 = 1

2
Izχ,1[(Rs + Ro)Ig cos(φzχ − θχ )

+ ωLoIg sin(φzχ − θχ ) + Vg cos(φzχ − θχ )]. (15)

B. OPERATING MODES
All powers are considered positive when entering the con-
verter and negative when leaving the converter

Pdc + Pac + Pdes = 0 (16)

Pdes,yχ = −Pyχ . (17)

The integration of DES power into the MMC power flow
is modeled by defining two categories, dc compensation and
ac compensation. Dc compensation is when the net changes
in DES power are corresponded with changes in the dc port
power, with independent power control of the ac port. Con-
versely, ac compensation is when the net changes in DES
power are corresponded with changes in the ac port power,
with independent power in the dc port. This work revolves
around the limitations of the MMC-DES operation, so the
independent port is considered to be at nominal power.

FIGURE 3. Operating modes diagram.

FIGURE 4. Implemented MMC-side control of the MMC-DES.

It is set that the main ports cannot exceed its nominal power
value, rendering some operating modes unfeasible. For exam-
ple, if the ac port is fixed at its nominal value acting as an
inverter, a negative DES power value would make the dc port
contribute more than its nominal value, which is considered
unfeasible. This condition yields the four operating modes
illustrated in Fig. 3.

III. CONTROL IMPLEMENTATION
To integrate the control of an MMC and a DES, one of them
must control the SM capacitor voltage, while the other con-
trols the flow of current and hence the power. Either side can
perform each task, but depending on the application, usually
one way is more convenient than the other. In this article,
the DES is selected to control the capacitor voltage, which
allows to model it as a fixed voltage source and focus into
the MMC-side control. Furthermore, the DES-side control
depends on the DES at issue and is out of the scope of this
work.

The implemented MMC-side control (see Fig. 4) encom-
passes only the essential control objectives for stable converter
operation, aiming to study the MMC from the most possible
general perspective. The authors in [24] provided alternative
dc/ac compensation controls, with more detail. Other impor-
tant references for MMC-DES control but that do not make
distinction between compensations are [3], [31], and [30].
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A. POWER CONTROL
Only two powers are controlled and the third forcefully
changes its value bounded by the expression (16). To ensure
proper control over the DES constituents, the DES power must
always be controlled. The second controlled power depends
on the type of compensation. The compensated port must
adjust its value dynamically depending on the changes in
the DES power. Meanwhile, the uncompensated or fixed port
must maintain its value independently of the DES contribu-
tion. The approach that best fits the described behavior, is
to control the fixed port and to leave the compensated port
subject to the others.

1) IMBALANCE CONTROL
� power can be used to manage horizontal imbalances, and �

power can be used to manage vertical imbalances. Discarding
the losses, (12) and (14) show that only the dc circulating
currents and the ac grid current contribute � power, and thus
affect horizontal balance. Equations (13) and (15) show that
the ac circulating current is the only current that significantly
contributes � power, thus affecting vertical balance.

2) DC COMPENSATION
The dc compensation control is designed to receive references
for the ac port power and the DES power. The ac port con-
trol generates output ac current references. The DES control
generates ac circulating current references and dc circulating
current references that add up to the dc port current, as shown
in (2). Thus, the DES power control indirectly controls the dc
port power.

3) AC COMPENSATION
The ac compensation control is designed to receive references
for the dc port power and the DES power. The dc port con-
trol generates the reference for the sum of all dc circulating
currents. The DES control generates ac circulating current
references and the ac output current reference. Thus, the DES
power control indirectly controls the ac port power. In this
case, the DES control generates dc circulating current compo-
nents that add up with the dc port control currents, to manage
the horizontal imbalances.

B. COMPENSATORY CURRENTS
The use of ac circulating current for vertical imbalances en-
tails an issue. If an imbalance is required in one of the phases
and not in the others, the ac current that will flow into the
converter must come from the dc link to close the path for
the current. To solve this issue, Munch et al. [30] proposed
the use of compensatory currents iczχ . When an imbalance
is required in one phase, these currents are injected into the
other phases with an angle such that they do not produce
active power, and with a magnitude such that they balance the
power-producing (or primary) current ip

zχ . This mechanism is
described by Fig. 5 and the following equations:

izχ,1 = ip
zχ + iczχ (18)

FIGURE 5. Compensatory currents. Vertical imbalance only in phase a.

ip
zχ = I p

zχ cos(ωt + θχ ) (19)

iczχ = Ic
zχ cos(ωt + θχ + 90◦) (20)

Ic
zχ =

⎧⎪⎪⎨
⎪⎪⎩

1√
3

(I p
zb − I p

zc), χ = a
1√
3

(I p
zc − I p

za), χ = b
1√
3

(I p
za − I p

zb), χ = c.

(21)

IV. IMBALANCE MODEL
The aim of the forthcoming mathematical derivation is to
find equations that can express the changes in the maximum
converter current and voltage as a function of the intercluster
power imbalance of the MMC. In order to do that, two new
factors are defined: i) the intercluster imbalance factors λ; and
ii) the overrating factors ζ for cluster voltage and current.

The imbalance factors λ�
χ and λ�

χ are the �� DES powers
normalized by the power that they could achieve if the DES
were to supply all the nominal power of one of the converter
grid ports Pnom

λ�
χ =

P�
des,χ

Pnom/6
=⇒ P�

des,χ = λ�
χ Pnom

6
(22)

λ�
χ =

P�
des,χ

Pnom/6
=⇒ P�

des,χ = λ�
χ Pnom

6
. (23)

Note that for the hereby defined operating modes, the λ factors
are restricted to operate within [−1, 1]. However, the factors
could eventually operate outside that range and this derivation
is also valid in that case.

The overrating factors ζiχ and ζvχ are the maximum value
that the cluster current and voltage reach in a determined un-
balanced state, divided by the maximum value of that variable
in its nominal balanced state

ζiχ (�λ) =
max

y,t

{|iyχ |}
Inom
yχ

(24)

ζvχ (�λ) =
max

y,t

{
|vyχ − Vdc

2 |
}

max
y,t

{
|vnom

yχ − Vdc
2 |
} (25)
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where Inom
yχ is the maximum value of the cluster currents

during nominal converter operation. It can be derived from
the power equations (8) and relations (1)

Inom
yχ = max

y,t
{|inom

yχ |} = Pnom

3

(
1

Vdc
+ 1

Vg

)
. (26)

The overrating factors are calculated for both dc and ac com-
pensation schemes, yielding ζ dc

iχ , ζ ac
iχ , ζ dc

vχ , and ζ ac
vχ .

The power direction between the converter grid ports is
represented by a constant κ

κ =
{

1 : inverter
−1 : rectifier.

(27)

A dc link overrating factor ζdc is also defined to enable
cleaner analytic expressions

ζdc = Vdc

Vg
. (28)

The next procedure drops the loss terms from the power
equations, since even though it introduces an error, including
them results in huge and utterly impractical expressions.

A. DC COMPENSATION
In dc compensation mode, the ac port power is always fixed at
its nominal value, which means that

Pac = −κPnom. (29)

Then, it follows from (8) and (29) that under dc compensation:

Ig = 2κPnom

3Vg
. (30)

1) CURRENT OVERRATING (ζ dc
iχ )

All the overrating expressions are derived from the �� trans-
form to the relation (17)

P�
χ,0 + P�

χ,1 = −P�
des,χ (31)

P�
χ,1 = −P�

des,χ . (32)

The impact of horizontal imbalances on the converter cur-
rents can be derived from (22), (30), and (31) discarding the
loss terms

Izχ,0 = Pnom

3ζdcVg

(
κ − λ�

χ

)
. (33)

The impact of vertical imbalances on the converter currents
can be derived from (32), (23), and discarding the loss terms

I p
zχ,1 = −λ�

χ Pnom

3Vg
. (34)

This term is only the primary component of the ac cir-
culating currents. The primary current is by definition in
phase with the phase voltage. The total ac circulating cur-
rent of one phase depends also on the compensatory currents
iczχ , as shown in Fig. 6. Therefore, ac circulating current

FIGURE 6. Magnitude of ac circulating current component.

magnitude is

Izχ,1 = Pnom

3Vg
�χ ( �λ�) (35)

where �χ and the current phase are

�χ ( �λ�) =
√

λ�
χ

2 + 1

3

∑
j �=χ

λ�
j

2 − 2

3

∏
j �=χ

λ�
j (36)

φzχ ( �λ�) = cos−1

(
−λ�

χ

�χ

)
. (37)

The ac cluster current magnitude is found through a trigono-
metric identity

|iyχ,1| = |izχ,1 ± iχ
2

| =
√

Izχ,1
2 + Ig

2

4
∓ Izχ,1Ig

λ�
χ

�χ

. (38)

The maximum cluster current can be disaggregated into two
components

max
y,t

{|iyχ |} = max
y,t

{|izχ,0|} + max
y,t

{iyχ,1} (39)

where from (33)

max
y,t

{|izχ,0|} = Pnom

3ζdcVg

∣∣κ − λ�
χ

∣∣ (40)

and from (38)

max
y,t

{iyχ,1} = Pnom

3Vg

√
�χ

2 + 2
∣∣λ�

χ

∣∣+ 1. (41)

Ultimately, the maximum current overrating of each phase is

ζ dc
iχ (�λ) =

∣∣κ − λ�
χ

∣∣+ ζdc

√
�χ

2 + 2
∣∣λ�

χ

∣∣+ 1

1 + ζdc
. (42)

2) VOLTAGE OVERRATING (ζ dc
vχ )

The voltage overrating factor is found by replacing the current
expressions in the steady state equations (6) and (7), applying
a trigonometric identity, and simplifying the voltage phases to
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the worst cases, resulting in

ζ dc
vχ (�λ) =

Pnom

3Vg

(
Zs|�χ | + Rs

ζdc
|κ − λ�

χ |
)

+ V �
1

RsPnom

3ζdcVg
+ V �

1

(43)

where

V �
1 =

√(
2PnomZs

3Vg

)2

+ 4κPnomRε

3
+ Vg

2 (44)

Zs =
√

ω2L2
s + R2

s . (45)

B. AC COMPENSATION
In ac compensation mode, the dc port power is always fixed at
its nominal value, which means that

Pdc = κPnom. (46)

The expressions (2), (8), and (46) imply that under ac com-
pensation ∑

χ

Izχ,0 = κPnom

Vdc
. (47)

In (47), ac compensation mode establishes a condition for
the sum of the dc circulating currents, whereas dc compen-
sation established a condition for the currents themselves.
Therefore, in this case is of practical use to define the fol-
lowing new auxiliary imbalance factors:

λ�
avg = 1

3

∑
χ

λ�
χ (48)

λ�
δχ = λ�

χ − λ�
avg. (49)

1) CURRENT OVERRATING (ζ ac
iχ )

From (17) is evident that∑
χ

(
P�

χ,0 + P�
χ,1

) =
∑
χ

−P�
des,χ . (50)

Evaluating (47) and (48) into (50), and discarding the loss
terms yields

Ig = 2Pnom

3Vg

(
κ + λ�

avg

)
(51)

and evaluating (51) in the relation (31) eventually yields

Izχ,0 = Pnom

3ζdcVg

(
κ − λ�

δχ

)
. (52)

The Izχ,1 current is the same as previously. Following the
same procedure as in dc compensation, the current overrating
factor for a determined operating point is

ζ ac
iχ (�λ) =

|κ − λ�
δχ | + ζdc

√
�χ

2 + (κ + λ�
avg)2 + 2

∣∣∣(κ + λ�
avg)λ�

χ

∣∣∣
1 + ζdc

.

(53)

2) VOLTAGE OVERRATING (ζ ac
vχ )

Following again the same procedure as in dc compensation,
the voltage overrating is

ζ ac
vχ (�λ) =

Pnom

3Vg

(
Zs|�χ | + Rs

ζdc
|κ − λ�

δχ |
)

+ V �
1 ( �λ� )

RsPnom

3ζdcVg
+ V �

1 (�0)
(54)

where

V �
1 ( �λ� ) =

√√√√√√√√
(

2PnomZs

3Vg

)2

(κ + λ�
avg)2+

4PnomRε

3
(κ + λ�

avg) + Vg
2. (55)

C. DISCUSSION
It is quite interesting to point out that both current overrat-
ing factors (42), (53) do not depend on any of the converter
physical parameters. They only depend on the characteristics
of the imbalance ( �λ��), the operating mode (κ and compen-
sation), and the proportion between the grid voltages (ζdc).
This indicates that, in principle, the imbalance phenomenon
behaves in the same manner in all MMCs (regarding currents).
Nevertheless, losses do not, so the current expressions would
incorporate converter parameters if the losses had been taken
into consideration. On the other hand, the voltage overrating
does depend on the converter parameters.

Another interesting finding arises by contrasting the found
current overrating expressions (42), (53) and modes of oper-
ation defined in Fig. 3. For each quadrant of the diagram, the
λ�

χ terms and κ have always the same sign under dc compen-
sation, and opposed signs under ac compensation. This means
that at least any balanced participation of the DES on the
power transfer decreases the cluster currents. The expressions
show that horizontal imbalances can increase or decrease the
converter currents, but any vertical imbalance will always pro-
duce an increase on the converter currents. Closer inspection
reveals that, while pure horizontal imbalances can produce
current increases, those increases cannot exceed converter
nominal rating. Therefore, the overrating expressions demon-
strate that the converter nominal current rating can only be
exceeded in presence of vertical imbalances.

V. CONVERTER RATING ANALYSIS
An MMC-DES is expected to operate within a range of im-
balances, rather than in a fixed imbalance. It is relevant to
know in detail matters such as the maximum overrating that
a converter may need to withstand over a range of different
imbalances; the imbalances that a converter can reach for a
given overrating; or what is the progressive tradeoff between
overrating requirements and different kinds of imbalances.

In practical terms for MMC rating, a DES can be rep-
resented by all the imbalances it may impose on the joint
system, which is referred to as the power imbalance space
(PIS). The PIS can vary greatly depending on the application
and implementation. This space is defined by boundaries for
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FIGURE 7. Effects of imbalances on current overrating. (a) Horizontal imbalances under dc compensation. λ�
c = 0.5, λ�

χ = 0 ∀ χ. (b) Horizontal imbalances
under ac compensation. λ�

c = 0.5, λ�
χ = 0 ∀ χ. (a) Vertical imbalances under ac compensation. λ�

c = 0.25, λ�
χ = 0.5 ∀ χ.

TABLE 1. General PISs

the values of each λ term, and constrains that encompass the
relations between �λ� and �λ�. Table I defines two general
PISs that represent the broadest cases for fully rated DES
imbalances, which serve to analyze the MMC-DES from a
general perspective and evaluate the worst cases.

A. GLOBAL OVERRATING
The overrating factors can be fed into an optimization prob-
lem to find the global overrating required by the converter.
The global overrating is the maximum overrating that will
be needed in any cluster across all the defined � of a DES
application

ζi = max
χ,λ

{
ζiχ (�λ)

}
s.t. χ ∈ {a, b, c}

λ ∈ �. (56)

The ζiχ expressions are symmetrical for �1 and �2 under
the predefined operation modes. The ζi yields the same results
in both PISs, but with opposed �λ� signs. The optimization
yields six equivalent solutions for each compensation (see
Table II). It shows that the most straining ζ dc

i occurs with the
maximum vertical imbalance in one direction on two phases
and the maximum vertical imbalance in the opposite direction
on the remaining phase. On the other hand, the most straining
ζ ac

i occurs when one phase is contributing half its nominal
power with the maximum vertical imbalance, while the other
phases contribute the minimum power. The most straining
imbalances in ac compensation mode require more current
overrating (33%) than in dc compensation mode (30%).

TABLE 2. Current Global Overrating for �1

Calculating ζv shows that the required voltage overrat-
ing is relatively small, below 6% in all cases, which can
be considered within the modulator slack margin. Therefore,
MMC-DES overvoltages should not pose a big complication
and will be omitted from the forthcoming analysis.

B. IMBALANCE EFFECTS ON OVERRATING
Under dc compensation, horizontal imbalances demand over-
rating solely in relation to the least power-exchanging phase
[see Fig. 7(a)], regardless of the total DES power. Meanwhile,
horizontal imbalances under ac compensation have a present
but lesser effect, as the required overrating depends mostly
on the total DES power [see Fig. 7(b)]. The ac compensated
modes seem to demand less overrating overall, and the DES
power distribution is much more impactful under dc compen-
sation.

Vertical imbalances have the same effects on overrating un-
der both compensations [see Fig. 7(c)], but dc compensation
has a higher overrating baseline due to its different response to
horizontal imbalances. They increasingly demand overrating
in relation to the magnitude of the imbalances, but do a bit less
so if all imbalances have the same sign. That occurs because
if all the imbalances are of the same sign and magnitude, the
currents that produce the vertical imbalances are balanced,
and there is no compensatory current injection.

C. POWER IMBALANCE CAPABILITY OF THE MMC
A generic metric is defined to quantify the imbalance capabil-
ity of power converters with DES integration, evaluate them,
and compare them. This is the power imbalance factor (PIF),
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FIGURE 8. PIR 3-D slices. λyχ = 0.3 , ∀ yχ /∈ {ua, lb, lc}. (a) Dc
compensation. (a) Ac compensation.

inspired on work from [33] on CHB-PV imbalances, but con-
sidering current and/or voltage restrictions. The consideration
of a current or voltage restriction depends solely on their rel-
evance. For example, current restrictions are not relevant for
a CHB in Star configuration, because its currents are always
below nominal under imbalances [33]. The optimization prob-
lem showed that overvoltages in MMC imbalances should be
noted, but are not much of an issue. Therefore, the MMC PIF
hereby only considers current bounds.

The PIF is calculated as the division between the volumes
of the power imbalance region (PIR) and the PIS of the DES,
resulting in a value within [0, 1]. The PIR is the multidi-
mensional region within the PIS that is bounded by rating
restrictions over the converter current and/or voltage. The
PIR of the MMC cannot be fully visualized, as it is a 6-D
region, but a 3-D slice can still provide a valuable sense of the
feasibility of different imbalances in the MMC. Fig. 8 shows
PIR slices with λyχ imbalance factors that represent individual
cluster imbalances and are obtained from the former factors
through the inverse �� transform.

The PIF of an MMC can be calculated as

PIF =
∫ ··· ∫

�
Z (�λ) d�∫ ··· ∫
�

1 d�
(57)

FIGURE 9. Experimental setup.

TABLE 3. Experiment Parameters

where,

Z (�λ) =

⎧⎪⎨
⎪⎩

1, max
χ

{
ζiχ (�λ)

}
≤ ζmax

0, max
χ

{
ζiχ (�λ)

}
> ζmax.

(58)

� is the PIS (�1 or �2 for default), and ζmax is the design
overrating boundary (1 for default). Note that the PIF can be
calculated with the default PIS and rating to evaluate a topol-
ogy in general, or with a custom PIS associated to a particular
DES, to evaluate converters for a particular application. The
Z (�λ) function depends on the converter.

The default MMC PIF is 0.1674 under dc compensation and
0.8837 under ac compensation. Both the PIF and the slices of
the PIR show that the ac compensation mode is much more
capable of achieving imbalances than the dc compensation
mode, reaching 88.37% and 16.74% of the imbalance points
respectively without requiring any overrating. The difference
is quite significant, indicating that the operation mode should
be a major factor to consider in the design of an MMC-DES.

VI. MODEL VALIDATION
The overrating model was validated through laboratory ex-
periments with the setup depicted in Fig. 9 and the parameters
of Table III. The experimental MMC-DES hardware is com-
prised by an MMC with dc power sources attached to the
SM capacitors. The setup can operate in only two of the
four identified modes (I and IV) because the power sources
that emulate the DES are unidirectional. Nevertheless, those
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FIGURE 10. Mode I experiment.

TABLE 4. Test Imbalance Sequence

modes serve to evaluate both compensations. The remaining
operating modes were evaluated using simulations of the ex-
perimental converter.

The experiments and simulations follow the imbalance ref-
erence sequence shown in Table IV. The chosen sequence
goes through all possible kinds of imbalances individually,
which allows to identify if there are particular weaknesses in
the expressions. Also, using the same sequence for all modes
allows to have a fair comparison between all the different
operating modes.

The plots display the maximum predicted value of the cur-
rents and voltages. For the current, it is calculated as

max
y,χ,t

{|iyχ |} = max
χ

{
ζiχ

(
�λ��

0

)}
· Inom

yχ (59)

and it is calculated in a similar manner for the voltage.
The experimental results (see Figs. 10 and 11) are consid-

ered satisfactory. At first glance, they verify that the changes
in converter voltage are not significant in relation to the nom-
inal voltage, and that the cluster currents do change in a more
noticeable degree. The model follows the changes in current
magnitude correctly but with small imprecisions. The errors

FIGURE 11. Mode IV experiment.

TABLE 5. Overrating Model Evaluation Along Test Sequence in Experiments

observed in the predicted overrating and maximum current are
below 2% and 6%, respectively (see Table V).

The imprecisions can be tracked down to the first section
of the test, where the model determines an inaccurate nominal
current value, allegedly due to the lack of losses in the model.
From there, it is not surprising to observe a slight current
miscalculation in the subsequent test sections. With a good
estimation of the nominal current, the maximum current error
is much closer to the overrating error.

The simulations show that the currents of modes II and III
behave similarly to the ones of modes I and IV, respectively,
but with negated values (see Figs. 12 and 13). The model
seems capable of estimating the maximum cluster currents
with acceptable accuracy in these modes as well. Table VI
presents the resulting current and overrating errors, which
are always below 3%. Ultimately, these simulations allow to
say that the model error varies within a narrow margin in all
modes of operation.
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FIGURE 12. Mode II simulation.

FIGURE 13. Mode III simulation.

TABLE 6. Overrating Model Evaluation Along Test Sequence in Simulations
of Experimental Setup

The Sections IV and V of the sequence were the ones that
yielded the highest error in all modes of operation. These
are the sections that have vertical imbalances, indicating that
vertical imbalances are harder for the model to predict. Never-
theless, the error is still low. This phenomenon can be at least
in part attributed to the discarding of the P� loss terms during
the derivation of the overrating expressions. Because the in-
jection of compensatory currents (see Fig. 5) generates losses
by interacting with the impedance of the cluster inductor (15).

So far, the two main sources of error identified in the model
are the efficiency and the cluster inductor. Both of these issues
should be less impactful in an industrial implementation, as i)
a professional converter would be more efficient than the ex-
perimental setup; and ii) large scale MMC have smaller cluster
inductors thanks to the higher number of levels and greater
current magnitude, which results in smaller losses related to
the compensatory currents.

To validate this hypothesis, simulations with parameters
more akin to an industrial implementation were conducted
(see Table VII). Fig. 14 displays the obtained current and
prediction for one of the operating modes.

The obtained current and overrating estimation errors are
below 2% and 1%, respectively, over all operating modes.

TABLE 7. Industrial Converter Simulation Parameters

FIGURE 14. Mode IV industrial simulation.

This is less than what was observed in the experiments and the
simulations of the experimental setup. This seems to confirm
that losses are the main source of the small error observed in
the model. And it indicates that the accuracy of the expres-
sions would indeed improve in real implementations.

VII. CONCLUSION
This article introduces new metrics and a symbolic represen-
tation of the intercluster power imbalance magnitude of an
MMC-DES, the imbalance factors λ�

χ and λ�
χ . It also derives

overrating factors ζiχ and ζvχ , establishing an analytical rela-
tion between imbalances and the resulting cluster overcurrent
and overvoltage. This article utilized the derived expressions
to thoroughly analyze the effects of imbalances in the con-
verter operation, and the overall capacity for the converter to
be unbalanced.

These new analytical expressions can be used in the design
stage of the converter to rate the semiconductors and ther-
mal system, based on the expected imbalances that the DES
in question may achieve. Alternatively, they can be used to
identify if a determined converter lacks the capacity to reach
certain imbalance regions of a DES, and incorporate those
limitations into the converter control.

Analysis shows that MMCs can be comfortably imbalanced
in most scenarios if controlled under ac compensation. There-
fore, it is far more convenient to incorporate variable DESs in
applications that require or allow flexibility in the ac port of
the MMC instead of the dc port. As most papers encompass
only dc compensation, the consideration of ac compensation
can make some existing proposals more appealing. Experi-
ments and simulations successfully validate the formulated
imbalance model and its subsequent analysis. They showed
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that the efficiency of the converter affects the accuracy of the
expressions.

Future work can use the developed expressions and met-
rics to conduct a detailed analytical comparison between the
MMC-DES and CHB-DES, as there is a need to clarify the cir-
cumstances under which each converter can offer advantages
against the other. In addition, more research is needed to study
the performance of the converter across the different imbal-
ance conditions and operating modes. Along with imbalances,
there are other MMC-DES challenges that also require further
research. Some of them are determining the appropriate SM
topologies for each type of DES; fault detection, as typical
MMC fault detection methods would need adjustments due
to the change in topology; and control design to ensure a
reliable integration of the MMC and the DES. In particular,
the presented analysis can serve as a direct input for future
reliability and failure analysis.

ANNEX A. SPECIAL SYMBOLOGY

VARIABLES AND PARAMETERS

�� Sigma-Delta transform.
λ Imbalance factor.
ζ Overrating factor.
κ Power direction between MMC main ports, ∈

{−1, 1}
� Custom function for overrating model compactness.
� Bounded space of imbalance factors.
Z Imbalance feasibility function.

SUBSCRIPTS

ε Auxiliary term for compactness.
dc Dc port.
ac Ac port.
g Ac grid.
des DES attribute.
0 Dc frequency.
1 Ac fundamental frequency.
h Frequency components, h ∈ {0, 1}
avg Average value.
δ Deviation from average value.
i Current.
v Voltage.

SUPERSCRIPTS

� � component.
� � component.
�� Set of � and � values.
+,−, 0 Sequence components.
p Primary component.
c Compensatory component.
nom Nominal value.
dc Dc compensation.
ac Ac compensation.
max Maximum value.
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