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Abstract

This paper proposes an optimization-based size reduction methodology for Modular Multilevel Converters (MMC), focusing
on minimizing the converter’s sub-module capacitor CSM . The analysis is performed considering both the converter’s current
and voltage limitations and the Transmission System Operator (TSO) Fault Ride Through (FRT) requirements. By means of a
steady-state analysis, the time-domain expressions of the converter’s arms energies are obtained and their behavior throughout
the MMC’s operating range is shown. Based on these expressions, the optimization-based problem to reduce the CSM size is
developed and its constraints are imposed to ensure that the converter’s voltage and current levels are within its design limitations.
The suggested method is compared with different approaches for distinct active and reactive power set-points, where it is shown
that the SM capacitor size can be reduced up to 24% in comparison with the method with worst performance and up to 7%
regarding the best method used for comparison purposes. Furthermore, time-domain simulations of the MMC considering several
AC voltage sags are performed in order to demonstrate that the dynamics of the SM capacitor and the arm applied voltages are
within acceptable margins during the different operations.
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I. INTRODUCTION

MODULAR multilevel converters (MMC) have attracted the attention of the industrial community in several areas
such as Onshore and Offshore High Voltage Direct Current (HVDC) transmission, variable frequency, reactive power

compensation (STATCOM), etc., in the past decades [1]–[3]. In HVDC applications, MMCs have become the preferred choice
among the different Voltage Source Converters (VSCs) due to its improved efficiency, reduced AC voltage harmonic content
and easier scalability to higher voltage levels [4], [5]. However, the MMC requires a large number of components in comparison
to classical two- and three-level VSC (e.g. active switches, arm inductors, sub-module (SM) capacitors, etc.). Such elements
must be meticulously designed in order to minimize the installation costs and, along with the controllers, to maintain the
converter properly operating under normal or faulted conditions [6], [7].

Among the different parts consisting the converter, the SM capacitors are responsible for more than 50% of its total size
and 80% of the conversion station weight [8]. Therefore, reducing its size can have a great impact on the reduction of the
installation cost of the converter, especially in offshore applications [9]. Prior research has been developed in the attempt of
improving the design method of the SM capacitors. Authors in [10]–[12] mainly focused on the energy effects in their design
procedure. In [10], the SM capacitance is minimized based on the maximum and minimum energies in the SMs. The design
procedure is improved in [11], where the internal AC voltage of the converter is used to obtain the SM capacitance. Reference
[12] analyses the SM capacitors energy considering three distinct operating regions and depending on the region in which the
converter will be operated, an energy fluctuation is obtained. Based on this energy variation the equation proposed in [11] is
employed to define the SM capacitance.

The previous approaches are further enhanced by the authors in [13], where they also consider the maximum allowed
voltage in the SM capacitors defined by either the operating point (OP) or by design constraints. Reference [7] develops
analytic optimized equations to calculate the optimal number of SM to be installed and the size of the capacitor to be added to
each SM. However, the optimization only considers the maximum SMs capacitor voltage as its main constraint; thus, constraints
to avoid overmodulations are ill-defined in the method. Until now, the methods were only focused on the maximum levels of
energy, voltage and ripple to ensure that the SM capacitor peak voltage do not exceed its limits. When the CSM minimum
voltage levels are considered, thus preventing overmodulations, additional constraints regarding the minimum value of sum
of the SM capacitor voltages and the arm inductance effects are included in formulation proposed by [14]. Whereas, [15]
expand the effects of the arm inductance by considering them in the arm applied voltages. Furthermore, the paper also includes
third harmonic voltage injection in order to reduce the voltage ripple. However, it only considers the DC components of the
circulating currents.

Nevertheless, all the previous designing proposals consider that the converter is operated under normal AC and DC network
conditions. Under such circumstances, the normal practice is to assume that the control of the MMC is properly designed in
order to keep the SM capacitor voltage ripple within its limits. In [16], the voltage ripple is reduced by imposing third order
voltages in the arms of the converter. Whereas [17], implemented a machine learning-based method integrated with Circulating
Suppressing Current Control (CSCC) to extend the operating region of the converter during faults. However, as these methods
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are non-energy-based control approaches, they will lead to undesired AC currents to flow into the DC side of the converter.
By assuming energy-based control strategies, the circulating currents of the converter can be enhanced leading to a potential
decrease in the SM capacitor voltage fluctuation. In [18], the operating region of the converter is extended by controlling the
circulating current to ensure that the peak voltage of the SM are the same as the maximum requested one. [19] controls the
circulating current in order to minimize the SM energy ripple. More advanced methods have been proposed in order to improve
the usage of these currents as the one proposed in [20], where a comprehensive analysis of the internal currents is carried in
the attempt of optimizing their usage by the controllers.

To the best of the authors knowledge, a methodology to optimize the design of the SM capacitance for MMC stations taking
into consideration all the internal quantities of the converter, while also considering the Transmission System Operator (TSO)
current requirements to support faulted networks and the MMC’s limitations has not been proposed yet. In order to address
such challenges, this paper proposes the following contributions:

• Derivation of the arm’s energy expressions considering the internal voltages and currents of the converter and their
limitations.

• Formulation of an optimization-based methodology to minimize the SM capacitance assuming specific or several OPs
which can be either in normal or unbalanced AC/DC network voltage conditions.

• The algorithm ensures that the obtained SM capacitance is sufficiently large to maintain the proper power transfer between
the AC and DC networks and to keep the internal power balance of the converter and, to be small enough to avoid exceeding
the SM capacitor maximum and minimum allowed voltages.

In order to validate that the proposed optimization-based methodology to design the SM capacitor results in the minimum SM
capacitor value for a proper operation of the converter, different OPs and network voltage conditions are analyzed analytically
and through detailed time-domain simulations, where the converter is regulated assuming an energy-based control. In Section
II, the system and the assumptions to model the SM energy are defined. Section III describes the proposed SM capacitor design
methodology, while Section IV presents the analytical equations for the SM capacitor voltages. In Section V the suggested
method is compared with different approach. In Section VI, the MMC’s waveforms profiles are analyzed when the designed
SM capacitance is employed assuming distinct AC network voltage scenarios. Finally, the conclusions are given in Section
VII.

II. SYSTEM DESCRIPTION AND ASSUMPTIONS

A. Converter quantities

Fig. 1 shows the scheme of a three-phase MMC. The converter has two arms per phase-leg k with k ∈ (a, b, c), whereby
each arm has Nk

u,l number of sub-modules (SM) connected in series. The SM structure may vary according to the application,
but the most used one is the half-bridge.

The DC network quantities are the total current IDC
tot and the upper and lower poles DC voltages UDC

u and UDC
l . The

MMC quantities are defined as follows; voltages applied to the upper and lower arms of the MMC are given as uku,l. Similarly,
the currents flowing through the converter are represented as iku,l. The arm impedance and the equivalent impedances of the
AC-side transformer are Ra, La, Rs and Ls. Finally, the AC grid quantities are the network voltage ukg and the AC-side
currents iks .

B. Assumptions to model the SM capacitor energy

The mathematical models derived in this paper are based on the following assumptions:
• The SM capacitors are considered to be fully charged.
• The voltages in the SM capacitors within the same arm are balanced and under steady-state conditions. This can be

achieved by different control methods (e.g. Nearest Level Control [21]).
• The applied voltages and currents flowing through the converter have zero and first-order frequency terms. The injection

of third-order frequency components is disregarded as it might cause the circulation of AC currents in the DC-side of the
converter.

• The effects of the modulation index are not considered.
• The topology, voltage and current ratings for each individual SM are the same in all SMs used in the converter.

III. DESCRIPTION OF THE METHODOLOGY

This section describes the optimization-based methodology to minimize the SM capacitance value. The suggested tool
considers the optimal values for the DC and AC quantities of the MMC in order to comply with the TSO requirements in
the form of injection/absorption of positive- and negative-sequence current components and the converter design limits during
balanced and unbalanced AC/DC network voltage conditions. The proposed method, its flowchart is displayed in Fig. 2, can
be used in two manners. Either by assuming an specific OP (iimax = 1), or by assuming different OPs (iimax > 1). In
which the user can input different AC/DC network voltages and/or different active and reactive power set-points and analyze
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Fig. 1. Model of the MMC converter.

the effect of such changes in the sizing of the CSM . In order to ensure that the resultant SM capacitance comply with all
the TSO’s and MMC’s requirements, the second option is recommended. Thus, the algorithm will run consecutive times
considering the user’s voltages and power settings inputs, resulting in several of minimal CSM (ii) capacitance values (one
for each specific OP). Finally, these values are stored in the vector CSM , whereby the capacitance size CSM to be selected
should be CSM = max(CSM ) .

As it can be noted in Fig. 2, the suggested SM capacitance designing tool requires different inputs that can be imposed by
the user (e.g. voltage and power set-points), obtained by design (e.g. number of SM in each arm Nk

u,l, USM , Iku,lmax
, etc.), or

by the grid code requirements (as ∆Ir, ∆Umax1,2
, etc.). Next, each one of the three steps required to run the methodology

are defined.
• Step 1 - Calculate the initial equilibrium points of the converter. In this step, no optimization algorithm is required. The

equilibrium quantities are obtained based on a system of equations describing the MMC’s steady-state profile, as the one
presented in [22]. The voltages and currents resultant from this equation system are required as the initial conditions of
the next step in order to speed up the convergence time and improve its accuracy.

• Step 2 - In this step, the optimal MMC steady-state values are obtained through an optimization method which is formulated
to maximize either the voltage or frequency support that the converter must provide during AC network voltage sags.
The prioritization between the two types of support is defined in the objective function (OF) of this optimization problem
according to the value of the weights λ+−

Ip,q
given by the user, as shown in (1) and further explained presented in [23].

max
Ik
u,l,I

kDC
u,l ,Uk

u,l,U
kDC
u,l ,

Un0,α
+,−,β+,−

λI+
p
α+ + λI+

q
β+ + λI−

p
α− + λI−

q
β− (1)

where the coefficients α+,− and β+,− are used to regulate the active and reactive currents levels to be injected/absorbed by
the AC network. In order to meet the TSO’s Fault Ride-Through (FRT) requirements, the algorithm requires as inputs the
TSO’s current and voltage levels during the fault (∆Ir, ∆Umax1,2

, ∆Umin1,2
). Finally, to ensure that the MMC’s currents

are within design limitations, their maximum values (Iku,lmax
, Iksmax

) are also necessary inputs for this algorithm. Although
the optimization method used in this step acknowledge potential power transferred among the phase-legs and upper and
lower arms, it disregards the SM capacitance in the converter. The effect of such element in the MMC’s operation will
be included in the next step.

• Step 3 - This step employs the proposed optimization to design CSM (see Section III-A). Firstly, the algorithm requires
as inputs, the internal and external voltages and currents of the converter, which are calculated in the previous two steps.
Based on these values and the SM characteristics defined by design (e.g. N,UCmax

, USM ), the suggested method attempts
to minimize the value of CSM . The algorithm is solved using the function fmincon from Matlab®, assuming a full cycle of
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the AC grid (e.g. Ts = 20 ms for a 50 Hz grid)1; thus, the potential asymmetries in the SM capacitor voltages, which are
related to the different OPs (see Section IV-B), can be fully considered in the formulation of optimization problem. This is
necessary to ensure that throughout one operating cycle, the instantaneous arm applied voltages are smaller than the sum
of the instantaneous SM capacitor voltages (overmodulation). This optimization method also considers the internal current
limitations (defined by design), the maximum allowed voltage in the SM capacitor (defined by design), the minimum
allowed voltage to be applied in each arm of the converter (defined according to the SM structure; 0 for half-bridge and
−ukC(t) for full-bridge) and the maximum and minimum allowed SM capacitance values (defined by design).

Although combining both optimizations from Step 2 and 3 is possible, the resultant algorithm problem would not ensure
optimal values for the AC network currents or for CSM . This is explained as different weights would be required in the
OF for each specific component, leading to either a higher prioritization of the active and reactive currents injected or a
higher prioritization to minimize the SM capacitance. By using two different optimization problems the prioritizations can
be performed individually: TSO and converter current requirements (Step 2); minimum value of the SM capacitance CSM

respecting the MMC internal current and voltages limitations (Step 3). Therefore, the smallest value of CSM can be guaranteed.

Start

ii = 1

Input system parameters
S, ϕ(ii), Uk

g(ii), U
DC
u,l (ii)

Step 1 - MMC’s equilibrium points.

Results used as inputs for the next step
Iku,leq (ii), U

k
u,leq

(ii), UkDC
u,leq

(ii), IkDC
u,leq

(ii)

Step 2 - MMC’s optimized equilibrium points.

Results used as inputs for the next step
Iku,l(ii), U

k
u,l(ii), U

kDC
u,l (ii), IkDC

u,l (ii)

Step 3 - Find minimum SM capacitor size.

Optimal value of CSM (ii)
CSM = CSM (ii)

ii ⩾ iimax

CSM = max(CSM )

End

N

Y

Fig. 2. Flowchart of the proposed methodology to optimize the SM capacitors considering different operating points, AC network voltages, TSO requirements
and converter current limitations.

A. Proposed optimization algorithm to minimize the SM capacitances

Firstly, let us clarify that for problem formulation purposes, the phasor notation Xk = Xk
r +jX

k
i = Xk θk will be adopted,

with x(t) = XkRe{ej(ωt+θk)} ∀k ∈ (a, b, c). The optimization problem that enables to minimize the size of the SM capacitors
while ensuring that the MMC’s currents and voltages are kept within their design limits is shown next

minimize
Ik
u,l,I

kDC
u,l ,Uk

u,l,

UkDC
u,l ,Un0,CSM

CSM (2a)

1Note that the inequality constraints (1o) to (1r) instead of being assumed as absolute values are mathematically model as time-domain sinusoidal trajectories
that must be within the maximum and minimum values imposed by the converter limitations.
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subject to

U0n =Uk
g + Zs(I

k
u − Ikl ) + ZaI

k
u + Uk

u (2b)

U0n =Uk
g + Zs(I

k
u − Ikl )− ZaI

k
l − Uk

l (2c)

0 =Iau + Ibu + Icu (2d)

Iks =Iku − Ikl (2e)

0 =

c∑
k=a

[
Re

{
Uk

uI
k
u + Uk

l I
k
l

}
+ UkDC

u IkDC
u + UkDC

l IkDC
l

]
(2f)

P k
u→l =Re

{
Uk

uI
k
u − Uk

l I
k
l

}
+

(
UkDC
u IkDC

u − UkDC
l IkDC

l

)
(2g)

Pa→b =Re
{
(Ua

uI
a
u + Ua

l I
a
l )

}
+

(
UaDC
u IaDC

u + UaDC
l IaDC

l

)
−
[

Re
{(

U b
uI

b
u + U b

l I
b
l

)}
+ U bDC

u IbDC
u + U bDC

l IbDC
l

]
(2h)

Pa→c =Re
{
(Ua

uI
a
u + Ua

l I
a
l )

}
+

(
UaDC
u IaDC

u + UaDC
l IaDC

l

)
−
[

Re
{
(U c

uI
c
u + U c

l I
c
l )
}
+ U cDC

u IcDC
u + U cDC

l IcDC
l

]
(2i)

IkDC
s =IkDC

u − IkDC
l (2j)

IDC
tot =IaDC

u + IbDC
u + IcDC

u (2k)

UDC
tot =UkDC

u + UkDC
l + 2Ra

(
IkDC
u + IkDC

l

)
(2l)

0 =2
(
UaDC
l − UaDC

u

)
+

c∑
k=b

[
UkDC
u − UkDC

l

]
(2m)

0 =
(
U bDC
u − U bDC

l − U cDC
u + U cDC

l

)
(2n)

Iku,l + IkDC
u,l ⩽ Iarmmax (2o)

uu,lC (t) ⩽ UCmax
(2p)

0 ⩽ uku,l(t) + UkDC
u,l (t)⩽ uku,lC (t) (2q)

0 ⩽ CSM⩽ CSMmax (2r)
where UDC

tot is the sum of the upper and lower DC poles’ voltage. Un0 is the voltage between the AC grid neutral point n
and the DC-poles common point 0. The active power transferred from the upper to the lower arms of the converter is set
by P k

u→l, similarly Pa→b and Pa→c are the power transferred among the phase-legs of the converter. For the case studies
presented in this paper, it is assumed that there is no power difference between the halves and phase-legs of the converter
(P k

u→l = Pa→b = Pa→c = 0). The inequality (1p) set the maximum allowed voltage of the SM capacitor’s sum, while
inequality (1q) set the maximum and minimum allowed voltage to be applied into the upper and lower arms of the converter
(the derivation of the time-domain expressions uu,lC (t)

k is given in details in Section IV). Inequality (1r) limits the maximum
SM capacitor CSMmax . Note that the maximum voltage must be equal or smaller than the minimum value of the sum of the
SM capacitor voltage in order to avoid overmodulation. The minimum allowed voltage to be applied into the SM is equal to
zero, as the SM is assumed to be half-bridge (HB) topology. For full-bridge (FB) SMs, the minimum allowed voltage is set
to −ukC(t). If a hybrid MMC is assumed, where the arms contain both HB and FB SMs, the optimization still can be used.
However, slight modifications are needed in order to adapt the time-domain voltage expression to consider the number of SMs
that are HB and FB employed in (2p). Based on that, the inequality (2q) can be replaced by two other inequalities, one for the
HB SMs and another for FB SMs. Finally, the inequality constrains are imposed as time-domain equations in the optimization
algorithm as done in [23].

IV. ANALYTIC MODEL OF THE SM CAPACITOR VOLTAGES

This section focuses on describing the SM capacitors’ energy and voltage analytical expressions that are required in the
formulation of the optimization problem presented in Section III. These terms are used in order to ensure that methodology
keeps the SMs voltages within their respective maximum (set by the maximum allowed voltage of the component) and minimum
(defined by the maximum applied voltages in the MMC’s arms) levels. This is done by obtaining the oscillating instantaneous
power and the AC and DC energy equations for each one of the six MMC’s arms, which are later used to derive the instantaneous
SM capacitor voltage model.
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A. Instantaneous arm power and energy derivation

The instantaneous power for the upper and lower arms of the converter can be obtained by the product between its currents
and voltages. Such quantities generally have DC and AC components which might be balanced or unbalanced, depending on
the operating condition of the converter. Therefore, the generic expression describing the oscillating power for each individual
arm unit can be described as

pku,losc(t) = uku,l(t)i
k
u,l(t) =

(
UkDC
u,l + Ûk

u,l cos(ωt+ θku,l)
)(

IkDC
u,l + Îku,l cos(ωt+ ϕku,l)

)
(3)

where θku,l and ψk
u,l are the upper and lower arms’ currents and voltages phase-angles, UkDC

u,l and IkDC
u,l are the upper and

lower arms’ DC voltages and currents, respectively and Ûk
u,l and Îku,l are the halves peak AC voltage and currents magnitudes.

Expanding the previous equation results in
pku,losc(t) = IkDC

u,l UkDC
u,l + Uk

u,lI
k
u,l cos (ϕ

k
u,l − θku,l)+ (4)

UkDC
u,l Îku,l cos(ωt+ ϕku,l) + IkDC

u,l Ûk
u,l cos(ωt+ θku,l)+

Uk
u,lI

k
u,l cos(2ωt+ θku,l + ϕku,l)

Once the MMC has reached steady-state, it can be assumed that the sum of the non-oscillating AC and the DC active
powers is equal to zero, considering that the internal losses of the converter are negligible. If such condition is not met, the SM
capacitors’ would be either in charge or discharge mode; thus, steady-state conditions are not held. Therefore, the instantaneous
oscillating arms’ power can be reduced to

pku,losc(t) = UkDC
u,l Îku,l cos(ωt+ ϕku,l)+ (5)

IkDC
u,l Ûk

u,l cos(ωt+ θku,l) + Uk
u,lI

k
u,l cos(2ωt+ θku,l + ϕku,l)

Finally, the upper and lower arms’ instantaneous steady-state oscillating energy is derived by integrating (5) over time; thus,
resulting in

eku,losc(t) =
UkDC
u,l Îku,l
ω

sin(ωt+ ϕku,l)+ (6)

+
IkDC
u,l Ûk

u,l

ω
sin(ωt+ θku,l) +

Uk
u,lI

k
u,l

2ω
sin(2ωt+ θku,l + ϕku,l)

As it can be observed from (6), the oscillating energy expression has in total three terms, in which two are related to
the first-order frequency and the other one is a second-order frequency term. In order to reduce such equation and ease the
derivation of the expression describing the equivalent arm capacitor voltage, the principles presented in [24] are employed. By
doing so, the first-order terms can be combined into a single one, consequently, the instantaneous energy expressions can be
reduced to

eku,losc(t) = Ek
u,lmaxω

sin(ωt+ ψk
u,l) +Ek

u,lmax2ω
sin(2ωt+ γku,l) (7)

where Ek
u,lmaxω

and ψk
u,l are the magnitude and phase-angle resultant from the combination of the two first-order frequency

terms, respectively. Similarly, Ek
u,lmax2ω

and γku,l are the magnitude and phase-angle for the second-order term. These terms
are described in details in the Appendix A.

B. Analysis of energy ripple for the upper and lower arms’

Based on the energy expression derived in Section IV-A, the SM capacitor voltage equations can be obtained. However, it
is important to notice that under distinct OPs, such energy expressions may present asymmetric behavior. This directly affects
the maximum and minimum energy magnitudes, which must be considered while deriving the SM capacitance value. In order
to provide further insights regarding these asymmetries, Fig. 3 depicts the waveforms of (7) during a full cycle of the grid
(Ts = 20 ms), assuming that the sum of the first oscillating energies magnitudes and the first-order frequency phase-angle term
are constant and equal to Ek

u,lmaxω
= Ek

u,lmax2ω
= 1 with ψk

u,l = 0, and that the phase-angle for the second-order frequency
term γku,l is variable.

As shown in Fig. 3, the amplitude of the maximum and minimum oscillating energies can present asymmetrical behavior
depending on the operating point. However, the peak energy levels is only one of the requirements when designing the SM
capacitor. The maximum and minimum energy magnitudes can be derived when sin(ωt+ ψk

u,l) = sin(2ωt+ γku,l) = 1, thus,

Ek
u,loscmax

= Ek
u,lmaxω

+Ek
u,lmax2ω

↔ (8a)

↔ ωt+ ψk
u,l = ±π/2 + n1π, for n1 ∈ Z (8b)
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(a) −π ⩽ γk
u,l ⩽ 0.

(b) 0 ⩽ γk
u,l ⩽ π.

Fig. 3. Time-domain waveforms of Ek
u,l(t) (7) under different operating points.

↔ 2ωt+ γku,l = ±π/2 + n2π, for n2 ∈ Z (8c)

↔ ±π/2 + n1π − ψk
u,l =

(
±π/2 + n2π − γku,l

)
/2 (8d)

↔ π + 2n1π − 2ψk
u,l = ±π/2 + n2π − γku,l (8e)

↔ ±π/2 + (2n1 − n2)π = 2ψk
u,l − γku,l (8f)

↔ 2ψk
u,l − γku,l = ±π/2 + nπ ∀k ∈ k = {a, b, c} (8g)

C. Final expression of the instantaneous arm energy and derivation of the SM capacitor voltage

Until now, the analysis focused on deriving a mathematical expression to describe the MMC’s arms energy oscillation for
any OP. However, such term alone cannot calculate the actual levels of SM capacitor voltages. Such fact arises as the analysis
assumes that the converter already reached the steady-state, thus the SM capacitors, in addition to the oscillating energy term,
will also have an average energy level. Such energy term can be calculated as

Ek
u,lAV G

=
1

2
CSMU

2
SMN

k
u,l (9)

where CSM is the SM capacitance value, Nk
u,l is the number of available SM in each arm of the converter and USM is the SM

rated voltage. Therefore, by adding the previous equation with the SM capacitors oscillating energy terms (6), the complete
energy expression can be obtained and it is expressed as follows

eku,l(t) = Ek
u,lAV G

+ eku,losc(t) =
1

2
CSMU

2
SMN

k
u,l+ (10)

Ek
u,lmaxω

sin(ωt+ ψk
u,l) +Ek

u,lmax2ω
sin(2ωt+ γku,l)

Finally, based on the energy expression (10), the sum of the instantaneous SM capacitor voltage used in the formulation of
the optimization problem (see equations (1r) and (1q) in Section III-A), can be expressed by employing

E =
1

2
CU2 (11a)

uku,lC (t) =

√
2eku,l(t)

CSM
(11b)
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uku,lC (t) =

(
2

CSM

) 1
2

[
1

2
CSMU

2
SMN

k
u,l+ (11c)

Ek
u,lmaxω

sin(ωt+ ψk
u,l) +Ek

u,lmax2ω
sin(2ωt+ γku,l)

] 1
2

V. PERFORMANCE AND COMPARISON WITH OTHER METHODS

In this section, the proposed optimization-based SM capacitance design is compared with distinct design methods assuming
balanced AC and DC network voltage conditions and the worst SM capacitor ripple scenario. Which, for the optimization
algorithm such scenario arises when γku,l = π/2 (see Section IV-B), whereas for the other methods the worst condition
happens when the power factor angle is equal to ϕ = π/2. All the different methods consider the same MMC parameters,
similar to the ones used in the HVDC link between Spain and France (INELFE), as shown in Table I.

TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value Units
Rated power S 1000 MVA
Rated power factor cosϕ 0.95 (c) -
AC-side rated voltage Ug 320 kV
HVDC link voltage UDC ±320 kV
Phase reactor impedance Zs 0.004+j 0.15 pu
Arm reactor impedance Za 0.01+j 0.14 pu
Converter modules per arm Nk

u,l 400 -
CSM voltage USM 1.6 kV
Optimal weighting factor 1 λ

I+p
10−6 -

Optimal weighting factor 2 λ
I+q

1 -

Optimal weighting factor 3 λ
I−p

10−9 -

Optimal weighting factor 4 λ
I−q

10−3 -
Maximum MMC arm current Iarmmax 1.0795 pu
Maximum AC grid current IAC

max 1.1 pu
Maximum CSM voltage UCmax 1.15 pu

A. Case study A - Full active/reactive power injection/absorption γku,l = ϕ = [−π
2 , 0 ,

π
2 ]

In this case study, the SM capacitance values obtained from the optimization-based algorithm are compared with three
other methods [11], [14] and [15] by assuming that the converter is either fully injecting/absorbing reactive power or fully
injecting active power with balanced AC and DC network voltage conditions. As discussed in the Section IV-B, during reactive
power injection/absorption, the SM capacitors are expected to experience maximum voltage ripple. For comparison purposes,
the simulations are evaluated considering the same maximum allowed voltage ripple, time-step and in the same software
(Matlab/Simulink®). In Table II, the capacitance values with each method are shown considering the three different OPs.

In Method I [11], the authors analyzed the average and maximum energies expressions of the MMC arms. Based on that,
it derives two expressions for the minimum and maximum allowed energy levels that must be complied in the SM capacitor
selection. Method II [14] proposes a method to select the SM capacitor which has to comply with three voltage requirements
while considering the effects arm inductors will have in the arm currents. The SM capacitor is only selected if it meets the
voltage ripple constraints (the value of the peak to peak ripple used was equal to 0.3 pu), the voltage capability constraint which
is related to the value of SM capacitor voltage that is enough to synthesize the required arm voltage and the maximum voltage
constraint. Method III [15] proposes an iterative methodology in which employs more degrees of freedom of the converter
than Methods I and II in order to find the maximum, minimum and the SM capacitor voltage ripples. Firstly, the method
calculates the operating region where the SM capacitor voltage reaches its maximum peak and ripple values. Then, based
on these calculated values and their maximum allowed levels (inputs provided by the user which is similar for all methods
1.15 pu and 0.3 pu, respectively), the methodology finds to capacitor values one regarding the peak voltage level and another
one for to comply with the ripple requirements. Finally, if the highest value SM capacitor calculated is selected. However,
there are still degrees of freedom that none of the previous methods have not taken into consideration and none of them have
been validated during AC voltage sags. During AC voltage sags, the voltage waveforms of the SM capacitors can be highly
asymmetrical. And, if the SM capacitors design does not take such asymmetries into consideration, the value selected might
not be sufficiently high in order to avoid the converter to exceed its limitations (see Section VI.

As it can be observed from Table II, all methods indicate similar results when the converter is injecting fully active power
(ϕ = 0). However, during the scenarios where it is either fully absorbing (e.g. STATCOM operation) or providing full reactive
power (e.g. voltage support during AC network voltage sags), the methods presented contrasting SM capacitance values. In
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TABLE II
CAPACITANCE DESIGN COMPARISON

ϕ Method Capacitance [mF]

−
π

2

Proposed 9.8364
Method I 7.7443
Method II 12.7336

Method III (with 3rd harmonics) 9.7821
Method III (without 3rd harmonics) 9.6838

0

Proposed 6.3691
Method I 5.5581
Method II 9.0178

Method III (with 3rd harmonics) 6.4531
Method III (without 3rd harmonics) 6.5472

π

2

Proposed 9.0393
Method I 3.8389
Method II 11.9492

Method III (with 3rd harmonics) 9.7821
Method III (without 3rd harmonics) 9.6838

order to ensure that the values obtained with the different methods can be employed in the converter without leading to
overmodulations, time-domain simulations are carried out. In Figs. 4 to 6, the waveforms of the applied voltages for the upper
arms of the converter and the sum of the SM capacitor voltages are depicted assuming that the converter has achieved the
steady-state. The simulations are performed employing an accelerated model of the MMC [25] using the Nearest Level Control
(NLC) technique to calculate the number of active sub-modules in each arm [26] of the MMC. In addition, the converter is
regulated by the energy based control proposed in [21].

Fig. 4. Time-domain waveforms for the proposed method and Methods I to III-B of the upper arms applied voltages and the equivalent arm capacitor voltage
ϕ = −π

2
.

Observing Fig. 4, it can be noted that the CSM designed with Methods II, III-A, III-B and the proposed one is high enough to
maintain the SM capacitor voltage level within the desired range. However, Method II leads to the oversizing such component,
as the maximum SM capacitor voltage is far below its limit. On the other hand, Method I undersized the CSM , resulting in
high voltage ripples which are exceeding the design limitations of the component. Still, either Methods III-A, III-B or the
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Fig. 5. Time-domain waveforms for the proposed method and Methods I to III-B of the upper arms applied voltages and the equivalent arm capacitor voltage
for ϕ = 0.

proposed one can be used to design CSM , as their voltage differences between the maximum allowed capacitor voltage and
the capacitor voltage peak values are small, whereby Method-III-B is the smallest.

During the scenario where the converter is fully injecting active power (ϕ = 0), as displayed in Fig. 5, similar conclusions
as the previous case can be drawn. The main difference is that for this condition, the CSM calculated with proposed method
is the most suitable option as the peak magnitude for the sum of the SM capacitor voltages is the closest one to its maximum
allowed value (without exceeding it).

The last scenario analyzed in this case study assumes that the converter is fully absorbing reactive current(ϕ = π
2 ), as

depicted in Fig. 6. It can be noted that the CSM resultant from Method I is too small, consequently, the converter is under
overmodulation. In comparison to the remaining designing methods, the proposed approach can reduce the magnitude of CSM

up to 24% in comparison to Method II and up to 7.6% in relation to Method III without reaching overmodulation or exceeding
the maximum SM capacitor voltage level.

B. Case study B: Effects of the variation in the number of SM

In this case study, the effects caused by the variation in the number of available sub-modules Nk
u,l over the SM capacitance

CSM is analyzed. The analysis is conducted for different OPs and it compares the proposed optimization-based design tool
with the methods presented in the previous case study. The study considers that the average voltage in each SM capacitor
USM varies based on Nk

u,l in order to respect the relation (UDC
u + UDC

l = USMN
k
u,l). In Fig. 7, the relations among CSM ,

Nk
u,l and USM are displayed, whereby the Nk

u,l is varied from 200 until 620 with incremental steps equal to 10.
As it can be noted from Fig. 7, during full active power injection (top-left figure), all methods present similar profile. While

Nk
u,l raises, the value of the SM capacitance also increases linearly whereas the SM voltage USM has a nonlinear reduction.

However, under full reactive power consumption or injection scenarios (see top-right and bottom figures), Methods III-A
and III-B have convergence issues. Such issues happen due to the formulation of the problem as their iteration requires the
maximum allowed voltage and maximum ripple to respect certain conditions that can not be fully achieved after Nk

u,l ⩾ 470.
Methods I, II and the proposed one, on the other hand, are able to converge obtaining CSM for all conditions analyzed.

Method II leads to the oversizing CSM , while Method I results in the smallest CSM levels. As it was shown in Section V-A,
when the SM capacitors obtained with Method I are used in the converter, it might lead to undesirable operations of the
converter. Finally, the proposed approach is the most suitable one as it does not present any of the aforementioned drawbacks.
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Fig. 6. Time-domain waveforms for the proposed method and Methods I to III-B of the upper arms applied voltages and the equivalent arm capacitor voltage
ϕ = π

2
.

Fig. 7. Correlation between CSM and number of installed SM assuming variable average SM capacitor voltage.

VI. FULL OPERATION RANGE OF THE CONVERTER

In this section, the proposed optimization-based SM capacitor design is run assuming that the converter is operated with
nominal power, for several different active and reactive power set-points, as well as, AC network voltage scenarios. Each active
and reactive power set-point is imposed by changing the power factor angle by a factor of π/10, whereas the real and imaginary
components of the three-phase AC network voltage are also modified by a fixed value imposed in the αβ0 reference frame.
Under normal AC network voltage operation, the MMC must inject pure active power, however during voltage sag cases, the
converter must inject/absorb reactive currents in order to provide voltage support (in accordance to the TSO’s requirements
[27]). Thus, the optimization algorithm will provide the minimal SM capacitance required to meet with those conditions, the
converters constraints and, at the same time, respecting the SM capacitor maximum and minimum allowed voltages.
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A. SM capacitance selection

The SM capacitor designed assuming the aforementioned conditions are shown in Fig. 8, where their optimal values are
plotted for each active and reactive power set-points.For the x-axis, the SM capacitor multiplies with the cosine of the power
factor angle, whereas for the y-axis the SM capacitor is multiplied by the sine of the power angle. In this way, it is possible
to have an overview of the SM capacitor values required for whole operating region of the converter. Furthermore, for the
regions in 8 where the value of CSM is negative, its absolute value should be chosen. The negative sign just reflect that the
converter is injecting active/reactive powers. As it can be noted, most SM capacitance magnitudes are obtained up to 10 mF.
However, under few operating points analyzed, the device value can reach levels up to 18 mF. Although such value can ensure
that the MMC is able to meet the TSO requirements while keeping the converter’s quantities within their limitations for all
analyzed cases, its implementation would lead to high installation costs due to its size and weight.

Fig. 8. Optimal CSM for all the different OPs analyzed.

Further insights are observed in Fig. 9, in which the probability of occurrence (y-axis) during the several different scenarios
considered (e.g. AC network voltage and PQ set-points) is given for the submodule capacitance (x-axis) obtained through
the optimization algorithm2. As it can be observed, the highest occurrence rate happens when the SM capacitor magnitude
is within 8 − 9 mF. If a capacitance equals to CSM = 9 mF is chosen,it can be ensured that during 86% of the different
scenarios (obtained by summing the probability from 9 mF down to 0 mF) the MMC would be operated within the design
limitations and respecting the TSO’s condition. By increasing the SM capacitance, higher guaranteed rates can be obtained:
for CSM = 9.5 mF the rate is equal to 92% and CSM = 10 mF results in rates equal to 94.3%. Once again, the trade-off
between cost/weight and size plays a major role in the selection of the SM capacitor.

B. Time-domain waveforms during AC voltage sags

For this case study, time-domain simulations are performed considering two different SM capacitance values CSM = 9 mF
and CSM = 9.5 mF, which as mentioned in Section VI-A would be able to meet the converter’s and TSO requirements for
92 % of the cases. The main waveforms of the converter are analyzed for different AC network fault scenarios assuming the
converter is injecting full active power prior to the faults, and when during the occurrence of the fault, the converter must
inject/absorb reactive current components in accordance to the TSO’s requirements [21], [27].

Firstly, the converter is operated under normal conditions, then at t = 1 s the faults are imposed in the AC network and
they are cleared at t = 1.5 s. For all AC voltage sags studied, it is considered that V = 0 pu [28]. In Figs. 10 to 15, the upper
and lower arms applied voltages Uk

u,l and the sum of the SM capacitor voltages Uk
Cu,l are depicted for a single-line-to-ground

(SLG) fault, AC network singular voltage sag and internal voltage sag, respectively.
It can be noted that prior the fault and once the fault achieved the steady-state, either SM capacitor magnitude can be selected

as they are respecting the converter’s limits and the TSO requirements. In addition, the converter’s arm applied voltages and
the sum of the SM capacitor voltage dynamics are similar for all faults analyzed for both values of CSM . Although the results
indicate that the maximum allowed sum of the SM capacitor voltage is exceeded when the fault occurs or that the arm applied
voltages are higher than the sum of the SM capacitor voltages during recovery phase, they happen during short time instants
and they wont influence the overall performance of the converter during FRT conditions.

2Note that the red line represents the cumulative sum of the probabilities for each interval. If all the probabilities are summed up, they would result in a
value equals to 1, representing 100% of the cases.
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Fig. 9. CSM histogram assuming different PQ and AC network voltage conditions.

Fig. 10. Normal to fault during SGL fault.

Fig. 11. Fault to normal during SGL fault.

By increasing the value the SM capacitor to CSM = 12 mF, better dynamic response can be obtained. In Fig. 16, the
waveforms of the converter are shown during the worst fault case presented earlier, AC network singular voltage sag, assuming
CSM = 12 mF. As it can be noted, throughout all the operation of the converter, the sum of the SM capacitor voltages are
kept within limits and no overmodulation can be observed.

In order to ensure that for all AC network faults and active and reactive set-points the converters’ limitations are not exceed,
the maximum value of SM capacitance obtained from the proposed methodology should be employed, in this case CSM = 18
mF. However, this highly conservative value would lead to a significant increase in volume, weight and costs of the converter
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Fig. 12. Normal to fault during AC grid singular voltage sag type C.

Fig. 13. Fault to normal during AC grid singular voltage sag type C.

Fig. 14. Normal to fault during internal singular voltage sag type C.

station. Finally, for the converter configuration and control strategy used in the case studies, sub-module capacitors equal to
CSM = 9 mF could be feasible. Even though they might exceed some limitations transiently during severe faults, the overall
performance of the converter was not affected.

VII. CONCLUSION

In this paper, an optimization-based methodology to design the SM capacitors of the MMC considering the converter’s
limitations and the TSO requirements during AC network voltage sags has been presented. Firstly, the instantaneous time-
domain energy equations of the converter have been developed and their asymmetrical behavior during different OPs has been
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Fig. 15. Fault to normal during internal singular voltage sag type C.

Fig. 16. Time-domain waveforms of the sum of the SM capacitor voltages and arm applied voltages for CSM = 12 mF.

analyzed. Then, the suggested approach has been shown, whereby all its steps have been explained and validated by means of
static and dynamic simulations. For the static validation, the proposed method is compared with different SM capacitor design
approaches assuming different AC network active and reactive power set-points. It has been demonstrated that the optimization-
based method can improve the SM capacitor design up to 24% in relation to the method with lowest performance and up to 7%
in comparison with the method which considers more degrees of freedom in its analysis. Finally, for the dynamic simulations,
different values of CSM capacitors have been used in time-domain simulations of the converter considering different voltage
sag scenarios, whereas both values presented similar responses.

APPENDIX A
DEFINITION OF THE FIRST AND SECOND ORDER ENERGY AND ANGLE TERMS
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γku,l = θku,l + ϕku,l (15)
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