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Abstract

The Modular Multilevel Converter (MMC) has gained significant popularity over the past
decade due to its versatility. The MMC features have been leveraged in numerous fields,
including high-voltage DC transmission, electric vehicle power trains, motor drives, and
wind energy conversion. In controlling the MMC, the circulating current (i.e., the current
flowing through both the upper and lower converter arms without delivering power to
the load) has consistently been the most critical variable. In early applications, it was
perceived as a source of losses, but more recently, it has become evident that injecting a
specific current could reduce voltage and energy ripples. This paper presents a theoretical
framework, based on time-scale analysis, useful for modeling and controlling MMCs.
The new approach is adopted for generating the circulating current reference, which is
expressed as a linear combination of orthogonal functions. The goals are to decouple the
control of the voltages of the upper and lower converter arms and manage additional
harmonic components of the circulating current for voltage ripple reduction on module
capacitors. The simulations and experimental results demonstrate the effectiveness of the
proposed control strategy.

Keywords: modular multilevel converter; circulating current control; time scale analysis;
orthogonal functions

1. Introduction

The Modular Multilevel Converter (MMC) was proposed by Prof. Rainer Marquardt
in the early 2000s and has since emerged as one of the most intriguing Voltage Source
Converter (VSC) topologies [1,2]. Its versatility and scalability to different power levels
have made it a significant player in various application fields, including high-voltage
DC transmission [3,4], motor drives [5,6], electric vehicle power trains [7], photovoltaic
generation [8,9], wind energy conversion [10], and fast charging stations [11,12]. Since its
inception, the MMC has sparked global interest in the power electronics community. Many
research threads have been initiated surrounding the MMC, including the investigation
of alternative converter configurations, theoretical models for the construction of control
architectures, the analysis of numerous potential modulation techniques, the study of fault
management, and the optimization of hardware [13,14].

In multilevel inverters, capacitors are usually adopted to create the different voltage
levels needed for the converter operation, but keeping the voltages across them balanced
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may be challenging. In contrast to other multilevel converter topologies, the MMC provides
a simpler approach to balancing capacitor voltages.

A three-stage control structure, comprising internal capacitor voltage balancing, cur-
rent regulation, and voltage or energy control, and based on proportional-integral (PI) or
proportional-resonant (PR) regulators, is widely adopted [15-17]. This approach works
properly in case of applications with a fixed ac frequency, such as HVDC systems.

Alternative control methods, which are particularly effective for applications where
the ac frequency is variable (motor drives), are based on sliding mode [18,19] and model
predictive control [20-22]. Recently, a different control method, based on linear quadratic
regulators, was proposed in [23].

The behavior of the capacitor voltage strongly depends on the current circulating be-
tween the arms and the voltage sources. This circulating current, also known as differential
current, has been studied since the beginning of the MMC history, owing to its impact on
the voltage balancing and the overall losses of the converter [14,24,25]. Furthermore, since
this circulating current flows in both arms of a leg of the converter, the two arms are coupled
from a control system point of view. Usually, the efforts are directed towards suppressing
this current [26]. However, studies have demonstrated that a circulating current with
specific harmonic content can benefit the MMC. This approach reduces the voltage ripple
on the capacitors, together with the ripple and the rms value of the capacitor currents, and
then the cost of the converter, enabling the use of smaller capacitors [27]. However, the
increased rms value of the arm currents results in increased power losses.

The strategies employed to generate the circulating current reference rely on control-
ling the total and differential energies. However, this approach maintains the arms in a state
of interdependence, thus precluding the possibility of controlling one arm independently
of the other.

This paper presents a new theoretical framework useful for modeling and controlling
MMCs that allows the energy management of the two arms to be decoupled. The approach
is different from the standard one based on the control of the total and differential energies,
although the performance is similar. By exploiting the concepts of different time scales and
orthogonal functions, already proposed in [28,29], it is possible to detach the circulating
current into two different components so that each component affects only one arm. In
addition, in this paper, the new theoretical approach is adopted to explain how a second-
order harmonic component in the circulating current helps decrease the total energy ripple,
reducing the oscillations of the capacitor voltages [27]. A similar approach, based on general
averaging techniques, has been applied to three-phase MMCs for drive applications [30].

The main contributions of the paper are listed hereafter:

1. Definition of a coherent mathematical framework for the analysis and control of MMCs,
which is based on the concepts of different time scales and orthogonal functions;

2. Definition of an alternative approach for describing the circulating current, potentially
enabling new ways to design and understand control strategies for MMCs;

3. Proposal for a new control scheme capable of decoupling the control of the upper and
lower arms, by inherently separating the variables with slow dynamics, such as the
arm energies, from those with fast dynamics, such as the output voltages and currents;

4. Demonstrating the ability of the proposed approach to manage properly additional
oscillating components of the circulating current.

A simulation model was developed to demonstrate the efficacy of the proposed
strategy. Additionally, experimental tests were conducted on an MMC prototype. The
simulation and experimental results are aligned, thereby substantiating this approach as a
viable alternative to the prevailing energy control methodology. This approach effectively
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decouples the control of the arms and reduces the total energy ripple and the voltage ripple
on the capacitors.

In this paper, the proposed approach is applied to a single-leg MMC for the sake of
clarity and to highlight the fundamental principles of the framework. However, since the
formulation of the circulating current is performed independently for each leg, the method
can be directly extended to three-phase and multi-phase MMCs (number of phases greater
than three, for propulsion systems) without requiring special modifications.

This paper is structured as follows: after the introduction, Section 2 introduces the
time-continuous model of an MMC, presenting the fundamental concepts. Section 3 shows
the fundamental equations of the converter, while Section 4 focuses on the control, the math-
ematical model, and the new proposed strategy. Finally, Section 5 presents the control logic
for implementing the developed strategy. Section 6 is dedicated to the simulation model
built to prove the effectiveness of the decoupling control based on the concept of orthogonal
functions. Section 7 presents the experimental results of an MMC prototype controlled
through the proposed solution, and Section 8 presents the conclusions of this work.

2. Continuous-Time Model of an MMC

There are numerous MMC topologies [31,32], yet they all share several fundamental
characteristics. Each topology comprises a series of identical cells called submodules (SM).
A linear arrangement of these submodules constitutes an arm. Each arm of the converter
contains an equal number of submodules. The connection of two arms (commonly referred
to as the upper and lower arm) forms a leg. An MMC may consist of one or multiple legs.

The basic topology of an MMC (depicted in Figure 1) is constituted by a single leg.
The input voltage source is the DC-link voltage Epc, the output current is i,, and v, is
the output voltage. As shown in Figure 2, the submodules (SMs) consist of a half-bridge
leg made up of two IGBTs and two antiparallel diodes, along with a capacitor connected
in parallel.
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Figure 1. MMC basic topology.
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Figure 2. Submodule architecture comprising a half-bridge connected in parallel to a capacitor.

An inductor is placed before the connection point with the other SMs to address the
voltage imbalance that arises from switching operations between the two arms.

The voltage generated by each leg results from the combination of its SM voltages.
Accordingly, the proper switching configuration enables synthesis of the desired output
voltage. However, it is essential to maintain the voltage balance of the SM capacitors. A
sorting algorithm embedded in the control architecture determines which SMs are inserted
or bypassed in each sampling interval to ensure a balanced voltage across all SMs [33].

Specific assumptions must be made to develop a mathematical model of the converter
that is both simplified and accurate. The first assumption for a single-phase half-bridge
MMC topology is that the SMs belonging to the same arm are perfectly synchronized
in their charge/discharge operations and have a perfect voltage balance at any instant.
This assumption allows all the SMs of an arm to be replaced by a single equivalent SM.
Consequently, the model can correctly describe the behavior of the converter regardless of
the number of arm submodules. The other two assumptions are that at least two orders of
magnitude separate the fundamental output frequency and the switching frequency, and
due to the large number of SMs, the resolution of the output voltage is much smaller than
the voltage amplitude.

3. MMC Equations

The schematics depicted in Figure 3 can be used as a starting point to derive the
equations of the two arms of the MMC:

E . di

%—muEu—Rzu—Ld—::vo, 1)
EDC . di] -

7T +m1E1*R117LE—UO, (2)

where L and R denote the inductance and resistance of the converter arm, respectively, iy

/tlli

and 7] are the currents of the two arms (the subscript “u” stands for “upper” and “1” for
“lower”), E, and Fj are the capacitor voltages of the two equivalent submodules SMy! and
Squ, my and my are the modulation indexes produced by the control logic to operate the
SMs, Epc is the DC voltage, and v, is the output voltage. If the converter is connected to
the grid, the output voltage can be a given quantity, such as in Figure 3a. Otherwise, it may
depend on the load, such as in Figure 3b.

For the upper and lower equivalent SMs, the equations relating the capacitor cur-

rents (myiy and —myij, respectively) to the capacitor voltages (Ey and Ej, respectively) are

as follows: ip
Cethu = Myiy, 3)
dE )
CeqT; = —my, 4)

where C,; denotes the equivalent capacitance of each arm obtained as the series of all the
arm capacitances.
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Figure 3. Simplified schemes of an MMC: (a) The converter is interfaced with a sinusoidal voltage
source; (b) The converter supplies a passive load.

The output current, denoted by i, is obtained by summing the current contributions
of the two arms. It can be expressed as follows:

io = iy —+ip. )

Another fundamental current that must be considered in an MMC is the circulating
current ig;¢r, which is defined as the differential current between the two arms within the
same converter leg.

lgiff = fu — 1. (6)

The circulating current 74;¢ flows through its corresponding leg and the DC source.
Therefore, it does not affect the output quantities. Equations (5) and (6) can be manipulated
to express the currents iy and 7} as functions of the currents i, and iqjf, resulting in the
following equations:

) io +igi
lu — (8] 2 diff , (7)
i = Io _zldiff ] (8)

The dynamic equations for i, and iy are derived by adding and subtracting (1) and
(2), while taking (5) and (6) into account:

Ldi, R.
§E+510—M0*00, (9)
Ldigig R.
> dtl + 5 Laiff = Udiff / (10)
where
Uy = mlEl - muEu , (11)
2
Epc — myEy — mE
Ugifr = DC u2 u 1 l' (12)

The voltages 1, and ug4;¢ are formulated as functions of the SM duty cycles in (11) and
(12), thereby demonstrating the correlation between these variables.

Upon determining the expressions for 1, and u4¢, the modulating signals are obtained
through the inversion of (11) and (12).

E
myEy = % — Uy — Udiff , (13)
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Epc
mE; = — T to — Udiff- (14)

Assuming a passive load scenario, as shown in Figure 3b, it is necessary to include the
equation of the load in the system model:
di .
LLoadT; + Rioadlo = Vo, (15)
where Ry a9 and Ly y,q represent the load resistance and inductance, respectively.
The control equation for the load current, dependent on both load and converter
parameters, results from the combination of (9) and (15):

L di R .
(2 + LLoad) 7;) + (2 + RLoad) lo = Uo. (16)

Load current control may be formulated using (9) or (16) depending on whether v, is
an impressed voltage or not. In the latter case, v, can be estimated by means of (15).

4. MMC Control and Proposed Solution

MMC control strategies are typically developed to fulfill two primary objectives. The
first is to ensure the prescribed output quantities for i, and v,, and the second is to stabilize
submodule voltages within safe operating bounds, minimizing ripple amplitude. These
two goals necessitate the control of three variables: E, Ej, and i,.

Given that the only control variables of the system are the two modulation indexes m1,
and my, the control strategy is not straightforward. As previously stated in (9) and (10), it
can be seen that i, and i4;¢s can be controlled by the voltages u, and uq;¢, defined in (11)
and (12), respectively. It is worth highlighting that a significant distinction exists between
the two currents, i, and iq;¢. This distinction pertains to the generation of their respective
references because i, ;f is a known quantity, while 7g;¢ rof must be selected. Subsequent
sections will detail the influence of the circulating current iy on the total energy stored in
the SM capacitors and its role in mitigating their voltage imbalance.

4.1. Control of the Capacitor Voltages

The total electromagnetic energy in each arm, W, for the upper and W for the lower,
can be formulated as the sum of the magnetic energy stored in the arm inductors and the
electrostatic energy of the equivalent capacitors:

1., 1

Wy = ELzﬁ + ECqui , (17)
1., 1

W, = EL’IZ + Ecgqlsf. (18)

It should be noted that, for a properly designed MMC, the energy stored in the arm
inductors is negligible compared to that stored in the arm capacitors.

The time derivatives of W, and W), assuming negligible the inherent resistances of the
arm inductors, can be formulated as follows:

AW, E E
i = (5w ri= (), ®

aw, E ) ) E )
dt1:—<]23C+'00>11—R112§—<DC+’00)11. (20)
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Replacing i, and 7] using the expressions found in (7) and (8), it yields:
aw, . .
dtu = v1lo + V1igiff , (21)
dWw, . )
dftl = —0alo + Vaigiff , (22)
where 1/E
o =3 (B -w), 3)
1/E
Uy = 2<]23C+vo). (24)

Equations (21) and (22) describe the time derivatives of the energy stored in the upper
and lower arms as the sum of two components: one proportional to the output current
io, and the other to the circulating current igi¢r. The key difference is that the former term
cannot be controlled, being inherently tied to i,, which follows a prescribed reference,
whereas the latter is controllable via iy using the expression shown in (10); thus, igi¢
becomes the control variable for managing the capacitor voltages.

4.2. Two Time-Scale Analysis

The arm energies W, and W, exhibit harmonic components at frequencies that are
integer multiples of the output frequency w, as illustrated in (19) and (20). This results from
their dependence on i, and v,, which vary sinusoidally. Moreover, the arm energies exhibit
a long-term, non-periodic trend, commonly referred to as a secular variation. To distinguish
between periodic variations and secular terms, the technique of multiple time-scale analysis,
commonly used in perturbation theory, can be adopted.

For the sake of simplicity, only W, is considered in what follows because the same
reasoning can be repeated for W;. Using the multiple-scale analysis approach, Wy is
represented as a function of two angular variables, T and 6, which evolve on distinct time
scales and are considered independent:

Wu = Wyu(7,0), (25)

with T representing the slow variable and 6 the fast one.
Assuming the slow-varying component has a frequency band [0, wc], where w. << w,
and defining ¢ as the small number defined as the ratio of w. and w, the variables 6 and T
are related to time ¢ as follows:
T = wct, (26)
0 = wt = %t. 27)
Furthermore, W, is periodic with respect to 6:

Wu(0, T) = Wy (6 + 27, T). (28)

Figure 4 shows the meaning of 6 and 7.
Considering the chain rule, the time derivative of W, becomes:
AW, Wy oWy

T = g We + 50 w. (29)

By substituting w = %<, multiplying both sides of (21) by ¢ and taking (29) into

€
account, yields:
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oW, oW, . .
T;ewc + Teuwc = 6(0110 + Ulldiff). (30)

For small values of ¢, W;, can be expanded in powers of ¢ following standard pertur-
bation theory [34,35], with the underlying assumption that the (n + 1)th term becomes
vanishingly small compared to the nth term as ¢ — 0:

Wy = Wyo(T,0) + Wy (T,0)e + ... (31)
Since Wy is a periodic function of 8, Wy9, and W;,; must be periodic functions too.

At=2m

Slow periodic
/ oscillation
{

V M

VA

Fast periodic
oscillation

Figure 4. Fast and slow time scales.

Substituting (31) into (30) and matching terms of equal powers of ¢ yields the following
equations for the first two orders:

IWuo
= 2
30 0, (32)
oW, oW, . .
8;0 we + 5 9111 We = Uyio + V1igif- (33)

Equation (32) indicates that W, is independent of the fast variable 6, thereby charac-
terizing the slow-varying component of the arm energy, also known as the secular term.
Due to its significantly shorter period compared to the slow transients, the contribution
from the fast oscillation may be considered negligible. Consequently, the derivative of Wyg
with respect to time is given by:

AWy  dWyo

it ot ¢ (34)

The right-hand side of (34) is obtained by integrating both sides of (33) with respect to

8 over the interval [0, 27r]. Since Wy, is a periodic function of 6, the integral of agvéﬂ we is

zero, and (34) becomes as follows:

dWyo
dt

1 r2r o 1 2 0
=5 /0 vidodd + 75— /0 01iqird. (35)
A similar expression can be found for W by repeating the same steps:

AWy 1 27 . 1 2
TR o Uolodf + E/O Voigieed0. (36)
Equations (35) and (36) can ultimately be reformulated using time as the integration

variable, by taking (27) into account:

AWy 1
T

T 1 T
/ vyigdt + — / vriggedt , 37)
0 T Jo
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aw, 1 /T . 1 /T .
710 == —T 0 Uzlodt+ T/O vzldlffdt 7 (38)

where Tis 271/ w.

Equations (37) and (38) provide explicit expressions for the time derivatives of the
slowly varying components of the arm energies, highlighting their dependence on the
average power exchanged by the SMs over the period T. Equations (37) and (38) can be
used instead of (21)—(22) to synthesize a stable control system.

4.3. Orthogonal Functions

In a vector space V with inner product (-, -), two functions, f and g, are orthogonal
when their inner product equals zero.

The integral operator defined in (39) possesses the properties of linearity, symmetry,
and positive definiteness. Hence, it defines an inner product on the space of real periodic
functions over the interval [0, 277],

1

271
(£,8)=5- | FO)g(@)de. ®9)

Equations (35) and (36) can be rewritten using (39) as follows:

dW, . -

dtuO = (v1,i0) + (1, igiff) , (40)
AW, . ;
710 = —(vy,io) + (v2, igigf)- 1)

Among the variables in (40) and (41), i4if is the sole independent variable available
for controlling the arm energies. This implies that the two arm energies are interdependent
and cannot be regulated independently.

To enable independent control of the two arms, iy may be represented as a linear
combination of two distinct functions, w1 (T, 8) and w; (7, 0). While w; (7, 0) exerts influence
on the arm energy of the upper arm, w, (7, 0) affects only the arm energy of the lower arm:

igig = M (T)wi(T,0) + A2 (T)w2 (7, 0) , (42)

where the quantities A; and A, are parameters depending on the slow time variable 7. The
unit measure for w; and w, is [V], while A; and A, are measured in [W™1].

It is helpful to choose w; and w;, which can be arbitrarily selected, mutually orthogonal
to the voltage functions v; and v, as follows:

P, if h=k
(On, wi) = hk=1,2, (43)
0 ifh#k

where P, is an arbitrary non-zero constant with the dimension of power [W].
Combining (40)—(42) yields a system of two decoupled equations:

0 (or, i) + MPa, (44)
o — oy i) + AP (45)

Equations (44) and (45) indicate that A; and A, may be considered independent
variables, each governing the arm energies with slow dynamic behavior.
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4.4. Reciprocal Functions

Equation (42) indicates that, to achieve decoupled control of the arm energies, 74
must lie within the linear span of w1 and w;. The basis (w1, w,) is said to be reciprocal to
the basis (vq v;) since (43) ensures v and v, are orthogonal to w; and w1, respectively.

In (42), the functions A1 and A; represent the so-called covariant components of ig;gs.

The explicit forms of w; and w;, can be derived under the assumption that both can be
expressed as linear combinations of v; and v5:

Wy = Y1101 + P02 k=1,2. (46)

The coefficients iy 1 and py 5 in (46) are usually referred to as contravariant components
of wWy-

To determine the explicit values of the coefficients iy j,, one must solve the matrix
equation resulting from the combination of (46) and (43) fork,h =1, 2:

l‘ul,l H1,2] [@1/7’0 <Ul’vz>] =P, ll O]. (47)

Hoa1 M22| [(v2,01) (02,02) 0 1

The solution of (47) is as follows:

[yu H1,z]:Pn[<vl,v1> (mwz)]l' (48)

Ho1 M22 (v2,01) (v2,02)

Given that Epc is constant and v, exhibits sinusoidal behavior in steady-state, the
values of the coefficients uy, i can be determined by substituting (23) and (24) in (48):

4P, EZ
Hig = pop = Ezn <1 + VZDC ) , (49)
DC o,RMS
I E3c 50)
Hi2 = 21 = E12)C Voz,RMS ’

where V, rus is the root mean square value of the output voltage.
Then, w; and w, can be rewritten by combining (23), (24), (49), (50), and (46) as follows:

2P E

w == (1-2C o (51)
Epc 2 Vorms
2P E

wy= = (14 2C o) (52)
Epc 2 Vorms

In summary, the reference value for igi¢s can be determined using (42), where A1 and
A; are independent functions selected to regulate the arm energies as prescribed by (44)
and (45), and wq and w; are given by (51) and (52).

It should be noted that the definition of the orthogonal functions w; and w,, able to
ensure decoupling, is not unique. The simplest solution is adopted in this paper, where a
linear combination of v; and v, is assumed in (46).

4.5. Circulating Current and Total Energy Ripple

Equation (42) does not provide all the expressions of the current iy but only those
that affect the arm energies. Such a consideration gives rise to the question of the potential
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integration of other components of the current iy that do not interfere with the control of
the arm energies but may somehow improve the converter performance.
In a more general form, ig;¢ in (42) can be redefined as follows:

igigg = A (T)w1(0, T) + Aa(T)w2(0, T) +if, (53)

where i is introduced as a current component that should not influence the evolution of
Wyo and Wyy. For this reason, i must be chosen orthogonal to w; and wy.

The fast-varying component of the arm energy W, can be derived by combining (33)
and (34) as follows:

oW, AWyo(T . .
We 89111 = 22( ) _ (v1io + V1igifs)- (54)

Assuming the slow-varying component of the arm energy W, is constant, its time
derivative vanishes. Accordingly, the expression for the fast-varying component of W,

takes the following form:
oW

We—g= = = 1 (lo +idifr)- (55)

The same considerations that lead to (55) can be repeated for the energy Wy; of the
lower arm. W

wcﬁfl = —0a(—io + igiff)- (56)

By adding (55) and (56), the derivative of the fast-varying part of the leg total energy
can be expressed as follows:

oW . 1 .
Wc% = Volo — EEDC Ldiff- (57)

The term i¢ in (53) can be employed to attenuate the fluctuations in W i, resulting
from the oscillating component of output power v,i,. Incorporating a suitable second-order
harmonic into the circulating current is acknowledged as an effective approach that ensures
a very significant reduction in total energy fluctuation and near minimal fluctuation in arm
energies W, and W [27].

Assuming sinusoidal output voltage and current, the resulting output power includes
a harmonic component at frequency 2w.

Volo = Vo,RMSIo,RMsS (€Os (20 — @) +cos ¢) , (58)

where ¢ is the output phase angle and I, rvs is the rms value of the output current.
Replacing (53) and (58) in (57) leads to the following equation:

W,
we—p* = Vo rmslo,rMsC0s @ + Vo rvs Lo rmscos (26 — @)

1 , 59)
+3 (=A1wi Epc — AwzEpc — i¢Epc).

The quantities A1 and A; are slow-varying functions of T, whose steady-state values
can be obtained from (44)—(45).

o <Ul/ i0> o 1
A= B~ 2D, Vo,Rms Lo, RMSCOS @, (60)
_ <UZI Z0> _ 1
Ay = T Vo,RmS Lo, RMSCOS @. (61)

Taking into account (23)—(24) and (60)-(61), (59) simplifies under the steady-state
condition of the slow-time leg energy component as follows:
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oW, 1.
We aétOt = O,RMSIO,RMSCOS (29 - ¢) - EleDC- (62)
Hence, to reduce the fluctuation of the total energy, the current if must be equal to the
following quantity:
Vi
i =2 I‘;;RMS Iy rumscos (26 — @). (63)

The expression for i¢ in (63) is orthogonal to w; and w», and thus does not influence
the slow-time components of the arm energies.

The injection of i has a positive effect on the cost of the converter, as it reduces the
capacitor voltage oscillations, alongside the ripple and the rms value of the capacitor
currents, making it possible the use of smaller capacitors. However, it must be recognized
that the additional current component has the negative effect of increasing the power losses
in the MMC. The opportunity to inject the current iy, in a cost/benefit analysis, depends on
many factors and is beyond the scope of this paper.

5. Control Scheme

Figure 5 depicts the control logic architecture resulting from the analysis in the preced-
ing section. The reference signals of the arm energies Wy, yof, W) rof are compared with the
actual values Wy, W. The reference signals are evaluated by (17) and (18), whose inputs
are the reference signals of the capacitor voltages E, ref, Ej ref and of the arm currents i, ¢,
i] ref- The reference values of the arm currents can in turn be obtained by using (7) and (8),
starting from the reference value of the output current and the actual value of circulating
current, i, rof and ig¢f, respectively. With a similar procedure it is possible to determine the
actual values of the arm energies W,, W) starting from the measured values of voltages
and currents.

E] ref I u,ref
0o DC
Wll
w, O
! Orthogonal
functions
calculation (51)-(52)
I

io, ref

U gisr u,

| Calculation of the arm duty-cycles |
m, l l m,

Figure 5. MMC control block diagram.

The slow-varying components of the tracking errors of the arm energies are evaluated
by two low-pass filters (LPF blocks) and used as input of two PI regulators (PI blocks), which
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define the signals A; and A;. As shown in (53), A; and A;, together with the orthogonal
functions w; and wy, can be used to calculate two of the three terms of the reference signal
of the circulating current igj ref. The orthogonal functions w; and w, can be evaluated
starting from the measurements of v, and Epc and implementing (51) and (52).

After computing the third term of the circulating current i using (63), or by extracting
the output power oscillating component divided by Epc/2, the reference value of the
circulating current can be determined according to (53).

Subsequently, the current setpoints igjf ror and i, o are compared to igi¢ and i and
tracked by two multi-resonant PI regulators (PI-R blocks), which provide the voltages
ugiee and u, used to generate the modulation indexes m, and m; by means of (13)—(14),
taking the measured values of E, and E into account. The multi-resonant PI controllers,
specifically designed with resonant frequencies w and 2w, are necessary to ensure per-
fect current tracking in a steady-state because the reference signals contain harmonics at
these frequencies.

The computational complexity required by the presented control scheme is commen-
surate with that demanded by conventional control algorithms, as the number of filters
and regulators (PI/PI-R) that need to be implemented is similar. However, it should be
noted that thanks to the use of multi-Resonant PI regulators, the proposed control scheme
does not require the implementation of time-consuming reference frame transformations,
which are necessary in other cases.

The control scheme is readily adaptable to a three-phase MMC configuration and is
intrinsically robust against unbalanced three-phase grids as the focus is the definition of
the circulating current independently in each leg. Furthermore, it should be noted that a
low-level balancing algorithm, essential to maintain the balance of the voltages of the SM
capacitors, is embedded in the control architecture [33].

6. Simulation Outcomes

A MATLAB Simulink (version R2024b) simulation model has been developed to
demonstrate the effectiveness of the control strategy and verify that the use of orthogonal
functions for generating the circulating current reference enables decoupled control of the
two arms. This model emulates the operation of an MMC comprising a single leg and three
SMs per arm; the SMs are constructed from a half-bridge leg with a capacitor in parallel.

The converter feeds an L-R load. The main parameters utilized in the simulation model are
listed in Table 1.

Table 1. Main Parameters of the System.

Parameter Value Unit
Nominal DC arm voltage (Ey ref = Ejref) 100 [V]
Output current peak 10 [A]
Fundamental output frequency 50 [Hz]
SM capacitance (all identical) 2.85 [mF]
Arm inductance (for both arms) 1.75 [mH]
Load inductance 0.81 [mH]
Load resistance 3.2 [Q]

The simulation starts in balanced conditions (i.e., E yof = Ej 1ef) without the contribu-
tion of i¢ (i.e., if = 0). The injection of i; is enabled once the system reaches the steady-state.
Furthermore, a step variation is applied to the voltage reference E,, ;¢ of the upper arm
capacitors after the end of the transient.

Figures 6-10 show the main outcomes of the simulations. As detailed in Section 4.5,
introducing a component at twice the fundamental frequency with an appropriate phase
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angle into the circulating current helps mitigate total energy oscillations. Figure 6 shows
that the injection of it reduces the ripple of the total energy by 64%.

100 ms/div

15

||||||||lllllllllllilllillllll

HHHIHHHIHHWHHWHHHHH lo

io: Lairr [A]

— Lqifr

10.0
9.8
9.6
9.4
9.2
9.0

Wiot [J]

— Wi

Figure 6. Mitigation of total energy ripple resulting from component i¢ injection.
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2

el

= 4

< 40 S
23 _E

Figure 7. Effect of component i; injection on arm currents and voltages.
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Figure 8. Converter response to a 10% step reduction in the setpoint E,, y.f. Waveforms of E,, yef, Ey, ref
(upper traces). Waveforms of A1, A, (lower traces).
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Figure 9. Converter behavior at steady-state. Waveforms of i, iy;¢f (upper traces) and v, (lower trace).
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Figure 10. Waveforms of i,, i4;¢s (upper traces) and Ey, E; (lower traces) during a step variation in the
output current.

The impact on the arm capacitor voltages, shown in Figure 7, is less significant but
still appreciable. The reduction in the peak-to-peak capacitor voltages is 13%, from 14.4 V
to 129 V.

Figure 8 shows the converter behavior when the DC upper arm voltage reference E,, ¢
is decreased by 10% of its nominal value, i.e., from 100 V to 90 V.

This variation affects only the parameter A;, which is related to the upper arm and
exhibits a significative variation, while the parameter A, linked with the lower arm, remains
stable. The effectiveness of the proposed strategy in decoupling the control of the two arms
is confirmed by this result.

Figure 9 shows the output quantities in steady-state balanced conditions, with
Eyref = Ejref =100V, a reference output current with amplitude of 10 A and frequency
50 Hz, when the injection of i is enabled. Expectedly, analysis confirms that the circulating
current comprises a dc component and an oscillatory component at twice the output fre-
quency. The output current is practically sinusoidal, whereas the output voltage has the
typical multilevel waveform.

To better assess the behavior of the presented control system under transient con-
ditions, the results of a numerical simulation carried out during a step change in the
amplitude of the output current i, (from 10 A to 5 A), with a constant reference value of the
arm capacitor voltages (100 V), are illustrated in Figure 10.
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As expected, the output current amplitude decreases rapidly, whereas the waveform
of the circulating current varies both in terms of average value and in terms of amplitude
of the second harmonic, in agreement with (63).

Furthermore, the arm capacitor voltages maintain a stable behavior, with small oscilla-
tions around the reference value.

7. Experimental Results

To validate the developed control strategy, a single-leg MMC prototype, depicted
in Figure 11, has been built. The experimental tests replicate the simulations. The SM
capacitances, arm inductances, and arm resistances have been sized to match the values
listed in Table 1, and the control parameters and references have been set to the same values
as the corresponding values used in the simulation model. In particular, each submodule
uses 600 V, 30 A IGBTs (STMicroelectronics STGW30H60DFB) and 19 electrolytic capacitors
connected in parallel (150 pF, 450 V). The PWM signals of each module and the voltage
and current feedback are exchanged with a centralized control platform based on a Texas
Instruments TMS320F28335 DSC. The control algorithm is implemented in C language, the
control cycle and switching frequency are synchronized and executed at a frequency of
10 kHz.

Figure 11. MMC prototype comprising six submodules employed for experimental testing.

The small-scale converter prototype available in our laboratory is based on Si IGBTs,
but new wide bandgap semiconductors for medium voltage applications are available
nowadays. The substitution of Si IGBTs with SiC MOSFETs would certainly improve
the converter performance in terms of much higher switching frequency available, lower
conduction and switching losses, and better heat dissipation. Note that the adoption of
SiC MOSFET would not affect the validity of the presented theoretical framework or the
proposed control scheme.

Figure 12 shows what happens when the converter operates in steady-state balanced
conditions (E ;e = Ejref = 100 V), and i passes from zero to the value given by (63)
at the midpoint of the time interval displayed. The effects of the i; injection are clearly
recognizable. The circulating current iq;¢ oscillates at twice the fundamental frequency, the
mean value of the total energy remains unaltered, whereas its ripple significantly reduces.
Furthermore, the rms value of the arm currents increases, and the ripple of the capacitor
voltages E, and Ej, as expected, decreases slightly.

The waveform of the total energy Wit after the i¢ injection in Figure 12 can be com-
pared with the equivalent waveform obtained by numerical simulations in Figure 6. The
amplitude of the peak-to-peak ripple is nearly identical (0.19 J in Figure 6, 0.2 ] in Figure 12).
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The tests shown in Figure 13 replicate those in Figure 12, with the time scale adjusted
to 20 ms/div from 500 ms/div for improved clarity. Substantially, Figure 13 matches the
results of Figure 7, confirming the results obtained by numerical simulations. Introducing
a second-order harmonic into ig;¢ alters the waveforms of the arm currents i, and i}, and
contributes to a reduction in capacitor voltage ripple.

Figure 12. Converter response to i injection. From top to bottom: output current i, (5 A/div, in
green); circulating current iy (5 A/div, in red); total energy Wiot (200 mJ/div, in blue, AC coupling);
upper arm current iy (5 A/div, in red); lower arm current ij (5 A/div, in green); upper arm voltage E,
(20 V/div, in purple); lower arm voltage E; (20 V/div, in blue).

- o 20ms/div.
P S S S S S S UUUE SRS Lo/t
1
u \ ~ 2 ‘/\‘ ~ /-.‘ Iay N
AT ANYARVAR VAR VARVANYAR VAR YA
“V// \/' ‘\‘/ “‘\// \...../ \_4‘ Nt A\ ‘\..._/“ J\....J/ \\..
i,

Figure 13. Detail of converter response to i injection, from top to bottom: upper arm current i,
(5 A/div, in red); lower arm current i) (5 A/div, in green); upper arm voltage E, (20 V/div, in purple);
lower arm voltage E; (20 V/div, in blue).

In Figure 14 the results of an experimental test conducted under the same conditions as
in Figure 8 are shown. Once the system has reached a steady-state condition, a 10% decrease
has been imposed to the reference value E,, ;¢ of the upper arm voltage, corresponding
to a reduction from 100 V to 90 V, whereas the reference value Ej ot has been maintained
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constant (100 V). The value of A; rapidly drops to track the new reference voltage, while
the behavior of A, is unaffected. As can be seen, the actual values of E; and E, rapidly
track the corresponding reference values, whereas the output current maintain the expected
sinusoidal waveform. These results are very similar to those obtained with computer
simulations and confirm that the proposed strategy successfully achieves decoupled control
of the two arms.

u 500ms/div,
1.25MPts|

w! i
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Figure 14. Converter response to a step reduction in the setpoint Ey, ., from top to bottom: upper arm
voltage reference E,, ;¢ (20 V/div, in red); upper arm voltage Ey (20 V/div, in purple); A1 (0.05/div,
in purple, AC coupling); A, (0.05/div, in blue, AC coupling); upper arm current iy, (5 A/div, in red);
lower arm current i} (5 A/div, in green); upper arm voltage E, (20 V/div, in purple); lower arm
voltage Ej (20 V/div, in blue); output current i, (5 A/div, in green); circulating current iy (5 A/div,
in red).

Finally, Figure 15 illustrates the steady-state waveforms of the MMC, including the
output current, the circulating current and the output voltage, when the system is balanced
(Ey,ref and Ej yef at 100% of the rated value) and the injection of the current i¢ is enabled.

The waveform of the circulating current igi¢ in Figure 15 can be compared with the
equivalent waveform obtained by numerical simulations in Figure 9. The peak-to-peak
amplitude of the differential current is very similar (6.7 A in Figure 9, 6.9 A in Figure 15).
These results confirm the consistency of simulation and experimental results and the
effectiveness of the presented control scheme.
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L] 10ms/div.
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Figure 15. Converter behavior at steady-state, from top to bottom: output current iy (5 A/div, in
green); circulating current iy;¢¢ (5 A/div, in red); output voltage v, (20 V/div, in blue).

8. Conclusions

The theoretical framework proposed in this paper represents an effective alternative
to that commonly used, based on the definition of the total and differential arm energies.
According to the developed technique, exploiting the concept of orthogonal functions, it is
possible to generate a set point for the circulating current and directly control the energy of
each arm of the MMC. The experimental results, consistent with the simulation outcomes,
confirm the reliability and stability of the proposed methodology. When controlled using
the proposed innovative strategy, the MMC demonstrates performance comparable to that
of established control methods. However, the presented theoretical framework offers a
different perspective that can stimulate new ideas and suggest original approaches for the
design of innovative control techniques.

This study investigates and evaluates the operational characteristics of a single-leg
MMC. While the primary emphasis lies in the formulation of the leg circulating current, the
proposed analytical framework is equally applicable to three-phase MMC configurations.
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