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Abstract—Although challenging, control of the modular mul-
tilevel converter internal variables has been addressed using
several different approaches so far. With the aim of maintaining
the submodules’ energies within a predefined band, the so-
called circulating current control must be properly established.
However, the performance of the converter energy balancing
controllers depends on the way circulating current references
are generated. Energy balance of the modular multilevel con-
verter implies two directions equilibrium. Namely, horizontal
and vertical balancing can be achieved by means of different
circulating current components, which allows for the decoupled
control of the two. This paper presents a thorough comparison
of the two methods guaranteeing balancing of the converter
energies without causing any DC link current distortions. To
validate the analyses presented within the paper, results acquired
by conducting a detailed set of simulations are presented.

I. Introduction

In the High Voltage (HV) and Medium Voltage (MV)
domain, once an application power level reaches the order
of 100 MW, technology limitations of monolithic converter
structures emerge [1]. The voltage level of commercially
available semiconductor devices nowadays reaches as high
as 6.5 kV consequently affecting the scalability of converter
topologies. For instance, Neutral Point Clamped (NPC) and
Cascaded H-Bridge (CHB) converters require either topology
or input transformer modifications to increase the number of
voltage levels, respectively. Therefore, these topologies can not
be considered truly modular. Modular Multilevel Converter
(MMC), on the other hand, was firstly introduced in [2] as
an inherently scalable, fully modular structure. Nowadays,
the topology is widely deployed in scenarios where two AC
systems are to be interconnected, e.g. point-to-point High
Voltage Direct Current (HVDC) bulk energy transmission
systems [3], Static Synchronous Compensators (STATCOMs)
[4], Static Frequency Converters (SFCs) for railway interties
[5], etc. Perspective for future use is also seen in high-power
four-quadrant drives for Pumped Hydro Storage Plant (PHSP)
applications [6], [7].

The basic building block of an MMC is the Submod-
ule (SM), predominantly either in Full-Bridge (FB) or
Half-Bridge (HB) configuration, as presented in Fig. 1. Con-
verter branches are realized as clusters of NSM series con-
nected two-terminal SMs, and branch inductances Lbr having
the dual purpose (protection along with the control of in-
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submodule branchDC terminals AC terminalsphase leg

Figure 1: Modular Multilevel Converter.
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Figure 2: Equivalent circuit of an MMC phase leg.

ternal quantities). Moreover, two branches, labeled as positive
(upper) and negative (lower), comprise the phase leg. It is
noteworthy that every SM hosts the capacitor CSM, which rep-
resents the floating energy source. As there is no external fixed
voltage power supply to individual SMs, number of levels can
be freely chosen and scaled to an application. Nevertheless,
with the aim of maintaining the proper operation of the MMC,
energy balancing among the SMs must be achieved. Balancing
algorithm performance, in terms of control current capacity
requirements and response time, can augment performance
of the converter without any hardware alterations. Hence,
comparing different balancing schemes during the converter
design stage might be considered valuable.

Per-phase equivalent circuit of the MMC, derived from
Fig. 1, is displayed in Fig. 2. Addition and subtraction of upper
and lower Kirchhoff’s Voltage Loop (KVL) equations reveals
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converter’s controllability. From (1)-(2), it can be seen that
grid current ig and, MMC-specific, internal circulating current
ic are controllable through voltage components denoted by vs
and vc, respectively.

Vdc − vc = 2 (Lbr −Mbr)
dic
dt

+ 2Rbric (1)

vs − vg − vCM =

(
Lg +

Lbr +Mbr

2

)
dig
dt

+

(
Rg +

Rbr

2

)
ig

(2)

In the above equations, the following notation is adopted:
vc = (vn + vp)/2 – total inserted leg voltage, vs = (vn − vp)/2
– differential phase-leg voltage, ic = (ip + in)/2 – circulating
current, i{p,n} = (ic ± ig)/2 – positive and negative branch
currents.

II. Balancing methods
Energy balancing relies on the control of suitable circulating

current components. It is of interest to control horizontal,
vertical and total energy, i.e. distribution of charge among
phase-legs, between upper and lower branch of each phase,
and total charge of the MMC, respectively. Energy fluctuations
are determined by branches’ capacitors voltage dynamics as

Cbr
dvCΣ{p,n}

dt
= m{p,n}

(
ig
2
+ ic

)
(3)

where Cbr, vCΣ and m{p,n} denote equivalent branch capacit-
ance, sum capacitor voltage within a branch and the so-called
insertion index, respectively. Assuming the closed-loop control
of the MMC internal quantities [8], insertion indices can be
obtained as

m{p,n} =
v∗c ∓ v∗s
vCΣ{p,n}

(4)

Substitution of (4) into (3), while assuming v∗c ≈ VDC/2
and defining sum and differential phase-leg energies as
WΣ =Wp +Wn and W∆ =Wp −Wn, revelas converter en-
ergy dynamics [9].

dWΣ

dt
= VDCic︸ ︷︷ ︸

PDC and
balancing

−
v̂sîg
2

cos(φ)︸ ︷︷ ︸
PAC

−
v̂sîg
2

cos(2ωt+ φ)︸ ︷︷ ︸
zero average

(5)

dW∆

dt
=
VDCîg
2

cos(ωt+ φ)︸ ︷︷ ︸
zero average

− 2icv̂scos(ωt+ φ)︸ ︷︷ ︸
balancing

(6)

A branch sum capacitor voltage contains the mean value
along with the oscillating components being superimposed.
Nevertheless, control of the vCΣ mean value is normally
ensured through the control actions, whereas proper selection
of the SMs’ capacitors limits its ripple [10]. From (5), the dual
purpose of the circulating current DC component is revealed.

Firstly, it controls active power exchange with the DC link,
equalizing it with the AC terminals power demand (PAC).
Secondly, it controls the energy exchange with the remaining
converter legs, equalizing horizontal energy distribution. Fur-
ther, based on (6), it is straightforward to conclude that the AC
component of the circulating current i∼c = î∼c cos(ωt+Ψ) can
be used to obtain the leg energy balance in vertical direction.
Denoting the angle displacement between this component and
the leg differential voltage component vs by Φ, yields

dW∆

dt
= −î∼c v̂scos(Φ) (7)

Generally, Φ can be arbitrarily chosen, however, phase align-
ment of the above mentioned voltage and current components
is assumed throughout this paper. In other words, Φ = 0.

Total energy control ensures matching of the powers at
which the energy is exchanged between the DC and AC
terminals through the adjustment of the DC link current i∗DC.
Thus, circulating current can be expressed as

ic = iDC/3 + icΣ︸ ︷︷ ︸
=ic

+ ic∆︸︷︷︸
=i∼c

(8)

Nonetheless, horizontal (through icΣ) and vertical (through
ic∆) balancing actions are purely internal to the MMC and
should not be seen either from the AC or the DC terminals.
Consequently, the proper energy balancing criteria can be
mathematically formulated as∑

i⃗c{a,b,c} = iDC (9)

MMC energy balancing has been studied by many authors,
providing multiple control strategies [11], [12]. This paper
compares performance of two balancing methods proposed in
[13], [14], in terms of required control current capacity and
dynamics. According to the first method, horizontal balancing
is achieved thorugh the adjustment of the circulating current
components icΣ in the αβ domain. Contrary to that, injection
of reactive components into ic∆, as will be shortly explained, is
used for the balancing in the vertical direction [13]. The second
method relies on the leg-level energy controllers, followed by
current reference mapping through an appropriate matrix [14].

A. Method I
Vertical energy balancing proposed in [13] essentially as-

sumes two steps to satisfy the constraint defined by (9):
• Calculation of ic∆ circulating current amplitudes, in-

phase with vs to achieve desired vertical energy correc-
tions, as suggested by (7).

• For each injected active (in-phase) component, appro-
priate reactive (in-quadrature) components for remaining
two phases are calculated to ensure that no disturbance
caused by the control action is visible in DC link current.
(9). Exemplary case presented in Fig. 3, provides detailed
illustration of this step. It is noteworthy that reactive
currents injected into a leg do not compromise the real
power exchange with its environment.
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(a)

Sum of balancing
currents different
than zero

For an observed phase,
neutralize its balancing
component by injecting
reactive currents in the
adjacent phases.

(b)

Repeat the procedure
from (b) in all phases.

(c)

Acquire the final refs.,
which sum up to zero.

(d)

Figure 3: Principle of vertical energy balancing currents injection is shown
from left to right. For control action in phase a, additional in-quadrature
currents are injected into phases b and c. The same is done for all three
control action current references. This ensures no disturbance to be visible
from the converter terminals.

From Fig. 3b, by observing phase a balancing action i∗∆a,
three current components can be derived as

i∗∆a = i∗∆ae
j0

ia∆b =
i∗∆a

2 cos(π/6)
e−j 2π

3 e−j π
2

ia∆c =
i∗∆a

2 cos(π/6)
ej

2π
3 ej

π
2

(10)

Resulting balancing current references for all three phases can
be converted to di0 domain.

i∗∆d =
1

3
[|i∗∆a|+ |i∗∆b|+ |i∗∆c|] (11)

i∗∆i =
2

3

[
|i∗∆a| −

1

2
(|i∗∆b|+ |i∗∆c|)

]
+ j

2

3

[√
3

2
|i∗∆b| −

√
3

2
|i∗∆c|

] (12)

i∗∆0 = 0 (13)

Please notice that injection of reactive components discussed
above ensures that balancing components of all legs sum
up to zero, as confirmed by (13). If one recalls Clarke’s
transformation, an analogy can be made between the obtained
di0 components αβ0 conversion matrix output.

i∗∆d = |i∗∆|0 i∗∆i = |i∗∆|α + j|i∗∆|β (14)

Implementation of vertical energy balancing is thus realized
as presented in Fig. 4, where angle ψ� represents position of
the v⃗s{a,b,c} voltage vector in the stationary reference frame.

By analyzing sum phase-leg energies in αβ0 domain, hori-
zontal energy balancing can be conveniently realized.

Figure 4: Implementation of vertical energy balancing control. Differential
energy reference is naturally set as zero in abc system, to equalize vertical
phase-leg-level energy distribution. Voltage amplitude is obtained directly
from the Grid Current Control (GCC) dq reference, as utilized Clarke’s
transformation is voltage amplitude invariant.

WΣα =
2

3

(
WΣa −

WΣb +WΣc

2

)
(15)

WΣβ =
2

3

√
3

2
(WΣb −WΣc) (16)

WΣ0 =
1

3
(WΣa +WΣb +WΣc) (17)

Setting WΣα and WΣβ to zero ensures that phase legs store
the same amount of energy, determined by the common mode
component WΣ0 (the image of the total MMC’s stored energy).

WΣβ = 0 →WΣb =WΣc (18)
WΣα = 0 →WΣa =WΣb =WΣc (19)

Horizontal energy balancing action is implemented as depicted
in Fig. 5. Filtered mean measured value of sum energies is fed
to the controller with the aim driving αβ components to zero.

Total energy control acts on zero-sequence circulating cur-
rent component ic0 = i∗DC/3, thus supplying energy from the
DC link in order to satisfy the AC grid power requirements.
Control action implementation is presented in Fig. 6.

Fig. 7 presents operation of balancing method discussed
within this subsection. Simulation results were obtained in
PLECS, using the MMC model specified in Table I. To test
the converter performance, reference power profile presented
in Fig. 8 was used. The leftmost zoom shows balanced

Figure 5: Horizontal energy balancing implementation for one MMC stage
according to [13]. Observed energy is a filtered value, as average components
are of interest. To achieve even horizontal energy distribution, αβ components
are referenced to zero.

Figure 6: Total energy control implementation for inverter stage MMC.
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Figure 7: Simulation sequence of the MMC utilizing balancing method I. As can be seen, grid currents remain unaffected by the balancing control action
at all times. During the period denoted by Tdis ∈ [1.5 s, 2.5 s), the energy balancing controller were disabled, which resulted in the SMs capacitor voltages
divergence. Once the controllers were reactivated at time instant t = 2.5 s, converter energies converged back to the nominal values.
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Figure 8: Power profile used for balancing action demonstration. Horizontal
and vertical balancing are disabled from 1.5 s to 2.5 s.

sum and differential capacitor voltages. During the interval
Tdis ∈ [1.5s, 2.5s), horizontal and vertical balancing actions
were disabled. The second zoom set shows gradual divergence
of the SMs’ voltages despite the grid currents being unaltered,
which is a consequence of the closed loop control. Upon
reactivation of balancing controllers, circulating current action
(third zoom set) reestablishes the energy balance leaving the
grid currents unaffected.

B. Method II
Taking the independent balancing actions, in per-phase

manner (i∗c,leg), is not permitted in the MMC-alike structures,
as constraint defined by (9) would be violated. A topology-
independent (universal) balancing approach is considered in
[14], which assumes calculation of per-phase current refer-
ences, followed by mapping through a suitable matrix which
guarantees fulfillment of (9) at all times.

For now, direction of balancing will be neglected so that the
results can be considered general. All the balancing actions

Table I: Test converter parameters.
Parameter Label Value

Line voltage Un 3.3 kV
Apparent power Sn 0.5 MVA
Grid frequency fn 50 Hz
Number of SMs per branch NSM 8
SM voltage VSM 675 V
SM capacitance (tolerance ±5%) CSM 2.25 mF
Branch inductance Lbr 2.5 mH
Branch inductance coupling coefficient kbr 0.3
Branch resistance Rbr 20 mΩ
Switching frequency fsw 999 Hz

being demanded by the energy controllers (∆ic,i) must sum
up to zero in the DC link, which can be formulated as

[
1 1 1

]
︸ ︷︷ ︸

Ti

∆ic,a∆ic,b
∆ic,c


︸ ︷︷ ︸

I

= 0 (20)

One can understand that matrix Ti represents the mapping
IR3 → IR whereas all the vectors I being mapped to zero do
not actually corrupt the MMC DC link current. It is exactly
this set of vectors that defines the null space (kernel) of
matrix Ti. Nonetheless, energy unbalance among the MMC
branches/legs can take any arbitrary values resulting in the
control actions violating the above constraint. To overcome
this issue, a reference vector I∗, such that Ti · I∗ ̸= 0, can be
projected to the null-space of Ti, which allows for (20) to be
satisfied. Fig. 9 provides an illustration of the above discussion.
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Figure 9: Projection of the reference vector I∗ which does not satisfy (20) to
the null-space of transformation matrix Ti.
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Basically, the problem of balancing comes down to identific-
ation of the suitable vector IM which represents the projection
of the original reference I∗ to the null-space of Ti. For this
purpose, the Singular Value Decomposition (SVD) can be
used. If a random matrix Ti is applied to a set of basis vectors
V⃗i, the latter are stretched and rotated, consequently providing
a set of new basis vectors u⃗i.

Ti
[ #»

V 1 . . .
#»

V n
]

︸ ︷︷ ︸
V

=
[

#»u 1 . . . #»u n
]

︸ ︷︷ ︸
U

σ1 . . . 0
... σr 0
0 . . . 0


︸ ︷︷ ︸

Σ

(21)

The above equation can be rearranged as

Ti = UΣV ∗ (22)

In (22), V ∗ represents conjugate transpose of V . If V is real,
V ∗ = V T is true, and (22) can be simplified.

Ti︸︷︷︸
m x n

= U︸︷︷︸
m x m

Σ︸︷︷︸
m x n

V T︸︷︷︸
n x n

(23)

It is noteworthy that projection of the reference vector on
the null-space of Ti provides the solution satisfying the least
squares criteria. In other words, the head of every vector
different from IM, and being in ker(Ti), falls further from the
head of I∗ when compared to IM itself. However, null-space
of a matrix needs to be firstly defined and SVD also provides
the means for its simple identification. Since U and V from
(22) are unitary (rotation) matrices, it is clear that neither of
them can compress the space (re-scale its grid). Therefore,

ker(Ti) = ker(UΣV T) = ker(ΣV T) (24)

Also, (23) can be expressed as

Ti =
[ #»

UR
#»

UN
]

︸ ︷︷ ︸
m x m

[
Sr x r 0
0 0

]
︸ ︷︷ ︸

m x n

[ #»

V ∗
R

#»

V ∗
N

]
︸ ︷︷ ︸

n x n

(25)

It can be seen from the above equation that matrix Σ contains
a square submatrix with elements different than zero and
n− r zero vectors. Number of zero vectors in Σ corresponds
to the number of orthogonal vectors comprising a basis for
ker(Ti) (a set of vectors B = {V⃗1, ..., V⃗n} is said to be the
basis of a space S if all the vectors from B are linearly
independent while every vector from S can be expressed
through their linear combination). To prove this statement, one
can initially start with the proof of (24). If (24) holds, there
must be a vector #»ω such that ΣV T #»ω = 0, which implies
that UΣV T #»ω = 0 ⇒ ker(ΣV T) ⊂ ker(UΣV T). The opposite
should also be proven, namely ker(UΣV T) ⊂ ker(ΣV T).
Assuming that this is not true leads to ΣV T #»ω ̸= 0 and
UΣV T #»ω = 0. Since U is unitary matrix (det(U) = 1) it is
clear that two previously presented equations can not be true
unless ΣV T #»ω = 0.

To find a basis of ker(ΣV T), Σ shall be observed for
the moment. All the vectors #»e k, for which σk = 0, can
be considered as the orthonormal basis of ker(Σ). Once all
the vectors #»e k are identified, one can say that vectors V #»e i

represent the basis of ker(ΣV T). This can be shown as

ΣV TV #»e i
= Σ V TV︸ ︷︷ ︸

Identity matrix

#»e i = Σ #»e i = 0 (26)

Application of matrix V to the vectors #»e k results in isolation
of the k-th column from the matrix V . Moreover, since #»e k
are orthogonal, so are V #»e k .

Once the orthogonal basis of ker(ΣV T) is identified,
vector demanded by the converter balancing controllers I∗

must be mapped into a suitable vector IM. If basis vectors
B = { #»

V e1 , . . . ,
#»

V ek} are at disposal, the following relation
follows.

BTI∗ =


#»

V e1
#»

V e2
...

#»

V ek

 I∗ =


<

#»

V e1 · I∗ >
<

#»

V e2 · I∗ >
...

<
#»

V ek · I∗ >


︸ ︷︷ ︸

scalar products

(27)

Vector on the right hand side of (27) contains scalar products
of orthogonal basis vectors and a balancing reference vector
I∗. These scalar products actually represent projections of
a vector I∗ onto the basis vectors #»

V ei . However, these are
the coordinates of a vector I∗ in a new coordinate system
consisting of vectors #»

V ei . To obtain the coordinates of a new
vector in the conventional reference frame, vector BTI∗ needs
to be multiplied by B, which yields

B ·BT · I∗ =
[ #»

V e1
#»

V e2 . . .
#»

V ek
]

<

#»

V e1 · I∗ >
<

#»

V e2 · I∗ >
...

<
#»

V ek · I∗ >


=

∑
k

#»

V ek <
#»

V ek · I∗ >

(28)

An advantage of the presented principle is that once the
control current components are identified per leg, one should
only define converter terminal constraints to apply the matrix
presented in (28).

Null-space of the matrix Ti from (20) can be identified by
firstly creating its SVD form, from which matrix V can be
easily identified.

Ti =
[
−1

]
︸ ︷︷ ︸

U

[√
3 0 0

]
︸ ︷︷ ︸

Σ

−
√
3
3 −

√
3
3 −

√
3
3

−
√
3
3

3+
√
3

6 − 1
3+

√
3

−
√
3
3 − 1

3+
√
3

3+
√
3

6


︸ ︷︷ ︸

V T

(29)
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Figure 10: Horizontal energy balancing implementation for one MMC stage
according to [14]. Observed energy is a filtered value, as average components
are of interest. Per-phase reference values are driven to zero.

Figure 11: Horizontal energy balancing implementation for one MMC stage
according to [13]. Observed energy is a filtered value, as average components
are of interest. Per-phase references are set to one third of total energy
reference.

According to the previously presented principles, orthonor-
mal basis of Ti consists of two vectors being in the second and
third column of V (second and third element in Σ are zero).

B =

 −
√
3
3 −

√
3
3

3+
√
3

6 − 1
3+

√
3

− 1
3+

√
3

3+
√
3

6

 (30)

Following (28), matrix that maps vector of references I∗
into a vector of suitable balancing components IM equals

BBT =
1

3

 2 −1 −1
−1 2 −1
−1 −1 2

 (31)

Current references for vertical, horizontal and total energy
control are calculated per-phase, and corrected through the
mapping matrix defined by (31). Total energy controller is
not affected by different balancing approach, as it operates on
the converter level. Vertical and horizontal energy balancing
controllers are realized as depicted in Figs. 10 and 11. As
converter terminal constraints are the same for the either of
balancing directions, matrix from (31) is used in both cases.

Sequence of operation of the balancing method presented
is this subsection can be seen in Fig. 12. As in Fig. 7,
converter of specifications given in Table I is loaded with
the reference power profile from Fig. 8. Zoomed areas show
that circulating currents’ balancing action is decoupled from
grid conditions. After reestablishment of balancing control
capability, capacitors’ voltages converge back to reference
values.

III. Comparison
A. Mapping of references

Resulting from very different ways of reference mapping,
the highest difference was expected in vertical energy imbal-
ance suppression. Prior to running the simulations, corrective
actions of the two methods were investigated, for three differ-
ent cases of vertical imbalance. Exemplary current vectors are
presented in Fig. 13.

In case where reference currents are already balanced (the
energy mismatch in vertical direction is the same in all legs),
no alteration is performed, as expected. For non-identical
amplitudes of the same sign, one can notice the two methods
output similar corrections, with the second one providing
slightly lower circulating current amplitudes. In cases where
original references are imbalanced and of different signs,
however, difference between balancing methods is significant
and evidently on the side of the second method in terms
of amplitudes. Notwithstanding, a major difference between
the presented methods refers to the preservation of power
components being in charge of balancing. Namely, injection
of reactive currents with the aim of balancing the converter
in vertical direction (method I), does not alter the active
powers being demanded by the balancing controllers. However,
alteration of circulating currents caused by the adequate matrix
mapping (method II) causes the balancing power components
to differ from the reference ones. Consequently, method I can
be considered power invariant, however, at the expense of
demanding higher circulating currents compared to method II,
under the same operating scenario.
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Figure 12: Simulation sequence of the MMC utilizing balancing method II. As can be seen, grid currents remain unaffected by the balancing control action
at all times. During the period denoted by Tdis ∈ [1.5 s, 2.5 s), the energy balancing controller were disabled, which resulted in the SMs capacitor voltages
divergence. Once the controllers were reactivated at time instant 2.5 s, converter energies converged back to the nominal values.
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rected per-phase mapping (method II) results are seen in green, orange and
violet, respectively. In the first case, references are already of the same sign
and magnitude, and there is no corrective action as they sum up to zero. The
third case, where balancing references are of different signs, shows significant
difference in terms of amplitudes calculated from two analyzed approaches.

B. Test scenarios
Comparison of the two balancing methods has been per-

formed for multiple scenarios, to evaluate performance differ-
ences. MMC was operated as inverter, assuming stable DC
link voltage, at power of exchange towards the grid of

PAC = 400 kW QAC = 100 kVAr (32)

Looking at Fig. 13, three cases are of interest for vertical
energy balancing:

• Equal imbalance in all phase-legs.
• Unequal imbalance in phase-legs, all deviations being of

the same sign.
• Unequal imbalance in phase-legs, deviations being of

arbitrary signs.

Table II: MMC energy balancing controllers’ sampling times.
Loop Label Value

Grid current control Tgcc 1/fsw
Circulating current control Tccc Tsw
Vertical energy balancing T∆ 25Tsw
Horizontal energy balancing T�Σ 15Tsw
Total energy balancing Ttot 15Tsw

Concerning horizontal energy balancing, two cases are invest-
igated:

• Equal imbalance between one phase-leg and the remain-
ing two.

• Unequal imbalance between one phase-leg and the re-
maining two.

Ultimately, to obtain fair results, energy controllers were tuned
identically for both methods, as presented in Table II.

IV. Simulation results
Following the adopted test scenarios, simulations were per-

formed using PLECS. Results for vertical and horizontal en-
ergy balancing are presented in Fig. 14. Uppermost schematics
depict reference imbalance scenarios (W ∗

∆ - leg energy mis-
matches in vertical direction, ∆W ∗

Σ - leg energy mismatches in
horizontal direction), whereas the middle graphs represent the
responses of converter energies to the previously defined step
reference changes. For the sake of comparison, responses for
both balancing methods were presented on the single graph.
It is noteworthy that W ∗

∆ and ∆W ∗
Σ are normally set as zero,

however to test the controllers performance, these references
were set to values different than zero. From the dynamics
point of view, this case does not differ the one implying zero
mismatch references with initial mismatch conditions differing
it. Lowermost graph displays circulating currents for the two
balancing methods. Please note that, for easier comparison
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Figure 14: Comparison of the two balancing methods has been performed for multiple scenarios of vertical and horizontal energy imbalance, to evaluate
response differences. Three phases of a balancing approach are of the same color, for easier comparison of the methods.
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of the methods, all three phases of a particular balancing
approach are of the same color.

Horizontal balancing actions were performed almost identic-
ally for the two approaches. Both settling time and required
circulating current amplitude are very similar. Type of imbal-
ance hasn’t played a role in results.

Regarding vertical balancing actions under equal imbalances
in all phases, expectedly, no difference was observed among
the two approaches. In cases where vertical imbalance rate
differs among phase-legs, it can be noticed that settling time
is shorter utilizing [13], at the expense of higher balancing cur-
rent amplitude. In this particular case, for the same imbalance
scenario and converter parameters, amplitude of circulating
currents is 10-20% lower for [14].

V. Conclusion
This paper presented comparison of the two MMC energy

balancing methods [13], [14]. Control strategies of both meth-
ods have been thoroughly presented, and operation verified
on an arbitrary load cycle. A series of PLECS simulations
has been performed to cover typical energy imbalance cases.
Vertical balancing method using reactive current injection
approach [13] performed faster in terms of settling times, while
corrected per-phase control [14] required lower control current
capacity for the control purposes. The first balancing method
ensures preservation of the original power balancing references
generated by energy controllers. On the other hand, the second
considered method aims at finding the output current values
nearest to the original references, without violating converter
terminal constraints, not guaranteeing exact active power
values for the balancing action. Resulting corrected current
references can therefore be lower in amplitude compared to the
first method, while settling time is longer. This result is visible
in normal operation under the same conditions. Comparing
Fig. 7 and Fig. 12, for load profile given in Fig. 8, balancing
components of circulating current (8) are of higher amplitude
for method I, as expected.
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