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Abstract: The Modular Multilevel Converter (MMC) has been widely used in high-power applica-
tions owing to its inherent advantages, including scalability, modularity, high-power density, and
fault tolerance. MMCs have recently been used in Low-Frequency Alternating Current (LFAC)
transmission, particularly in the integration of offshore wind power with onshore grids. However,
LFAC applications produce significant voltage oscillations in floating capacitor voltages within the
MMC. Early research efforts have successfully established and validated decoupled control strategies
for LFAC-based MMC systems. However, validations are usually based on simulations or small-scale
prototypes equipped with limited power cells. Consequently, this paper presents a decentralized
voltage control strategy based on Nearest Level Control for an MMC-based LFAC system. Experi-
mental results obtained with a 120-cell MMC prototype are presented to validate the effectiveness
and operation of the MMC in LFAC applications.

Keywords: modular multilevel converter; decoupled control; LFAC

1. Introduction

Wind energy is a key technology to transition to sustainable and clean energy gen-
eration. In 2023, the Global Wind Energy Council reported a remarkable growth in wind
energy capacity with the addition of 100 GW worldwide, which was a 15% increase com-
pared to the previous year. Key global markets, such as China, the US, Brazil, Germany
and Sweden, represented 71% of the total of wind energy installations [1]. The projections
of the GWEC expect an impressive 680 GW of new capacity to be integrated in the next
seven years (2023–2030). This implies adding 143 GW of new capacity per year, reaching
1221 GW by 2030. Most of this new capacity will be installed in Offshore Wind Power Plants
(OWPPs), as offshore installations offer more wind energy resources, maximize energy
generation, help mitigate visual and noise impacts on the land, and help the stability of the
grid [2]. Therefore, the integration of efficient and cost-effective transmission systems for
OWPPs is an important topic in research and industry.

Conventionally, OWPPs are connected to the onshore grid using 50–60 Hz high-voltage
AC (HVAC) or high-voltage DC (HVDC) transmission systems [3]. HVAC transmission
systems operate efficiently over long distances when installed overhead. However, its
efficiency decreases as the distance increases, particularly when using submarine cables.
Therefore, HVDC transmission systems have been widely adopted for OWPP connections,
as they can minimize power losses over submarine cables. However, the cost of HVDC
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systems is a limiting factor due to the need for offshore substations and rectifiers [4].
Modular Multilevel Converters (MMCCs) are preferred in high-voltage current converters
because they operate at high voltage, are highly expandable, have high power quality and
controllability, and are fault-tolerant. For example, MMCC-based HVDC transmission
systems in Europe have a capacity of 5 GW, while the capacity in China is 3.1 GW [5,6].

The application of low-frequency AC (LFAC) systems has been suggested as an
attractive solution to both HVAC and HVDC [7–11]. LFAC was originally introduced
to the railway industry a century ago. Later, it was applied to OWPPs, as it allows for
greater cost savings because of the increased maximum transferable active power compared
to HVAC. Additionally, it eliminates the need for a converter at the offshore substation,
which is required in the case of HVDC transmission systems. A typical LFAC OWPP is
shown in Figure 1, which is composed of an offshore substation, a submarine cable, and
an onshore substation. The OWPP operates in low-frequency ratios around 1–20 Hz to
maximize power transference. Then, voltage source converters, usually MMCCs, are used
in the onshore substation to connect the low-frequency to the 50 or 60 Hz grid.

Figure 1. Conventional MMC topology based on half-bridge cells.

The most widely used and mature converter among MMCCs is the Marquart con-
verter [12], which is also called a Modular Multilevel Converter (MMC). The MMC com-
prises six AC–DC conversion clusters, as shown in Figure 2. Each cluster comprises
cascaded power cells connected to an inductor, generally half-bride or full-bridge power
cells. When AC–AC conversion is necessary, a Back-to-Back (B2B) connection of two MMCs
is used [13]. As external sources do not impose voltages on each cell, the capacitors could
be charged or discharged during the operation of the converter. Therefore, complex control
strategies are required in low-frequency applications [14], which reduces the efficiency of
the MMC.

Figure 2. Simplified circuit of B2B MMC for LFAC transmission.

Several research proposals have discussed the design and control of MMC-based LFAC
systems. On the one hand, control strategies for B2B MMC have been introduced [15–17].
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On the other hand, other MMC topologies have been proposed, such as the Hexverter
and Modular Multilevel Matrix Converter [18–20]. Most of the research proposed in these
articles does not consider controlling the voltage imbalance between clusters.

Furthermore, simulations with simplified MMC models [15–17], or experimental im-
plementations that use a reduced number of power cells [21,22], are mainly considered.
These experimental prototypes usually have between two and four power cells per clus-
ter. Therefore, implementation issues such as non-linearity in power cells, imbalances
in grid voltages, offsets in the measurements, and voltage balancing with an elevated
number of power cells are still challenging for LFAC applications. Recently, variable-speed
control strategies for MMC use decoupled transformations, usually called Σ∆ transforma-
tion [23,24], to regulate the floating capacitor as a function of the circulating currents of
the MMC. Control strategies based on circulating current control have some drawbacks
related to negative effects on efficiency and increase the built-in converter ratio [25,26].
Moreover, circulating current control requires a centralized control system and can have
implementation restrictions when a large number of power cells are considered [27].

This paper proposes a decentralized control strategy for a B2B MMC that operates
in LFAC applications. The proposed control strategy regulates the voltage oscillations
produced by the LFAC systems without relying on circulating current control. The pro-
posed control strategy integrates a Nearest Level Control (NLC) technique with a sorting
algorithm, providing proper voltage balancing regulation regardless of the input–output
port frequencies.

The effectiveness of the proposed control strategy is validated using a B2B MMC
prototype composed of 120 power cells. The experimental setup utilized state-of-the-art
OPAL-RT real-time controllers for the implementation of both the control and power stages,
which was complemented by dedicated power sources. The experimental results obtained
from this 120-power cell MMC prototype serve as empirical evidence of the correct function-
ing of the proposed control strategy, showcasing its potential for practical implementation
in LFAC systems with a large number of power cells due to its decentralized nature.

The rest of the paper is organized as follows. Section 2 presents the modeling of a
typical MMC-based LFAC system considering the decoupled model of the MMC. The
control strategy is then described in Section 3. The experimental results obtained with a
120-power cell prototype are discussed in Section 4. Finally, the conclusions and future
work are discussed at the end of the paper.

2. Modeling of the MMC

MMC modeling relates its currents, voltages and power components, which are ex-
pressed in a natural frame (that is, in abc) or in a decoupled frame. Using decoupled
modeling, the floating capacitor voltages are related to the internal currents of the con-
verter, called circulating currents, to enable a decoupled representation. In the following
subsections, the voltage–current and voltage–power models of the MMC are discussed
using a decoupled modeling approach [24].

2.1. Voltage–Current Model

Figure 2 illustrates a typical B2B configuration of two MMCs that interconnect a low-
frequency (LF) system with a high-frequency (HF) system. Each grid has an impedance
indicated by RHF for the HF port and RHF and LHF for the 50 Hz port. The phases of the LF
port are indicated by the subindex x ∈ {r, s, t}, and the phases of the HF port are indicated
by y ∈ {a, b, c}. The MMC clusters are labeled positive P and negative N. Each cluster
comprises n floating half-bridge cells connected in series with an inductor. The positive
and negative poles of each MNMC are connected to a common DC port. Phase-neutral AC
voltages vx, vy and phase currents in LF and HF ports are defined as follows:

vr = Vp,1 cos(ωLFt) vs = Vp,1 cos
(

ωLFt − 2π

3

)
vt = Vp,1 cos

(
ωLFt +

2π

3

)
(1)
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ir = Ip,1 cos(ωLFt − φ1) is = Ip,1 cos
(

ωLFt − 2π

3
− φ1

)
it = Ip,1 cos

(
ωLFt +

2π

3
− φ1

)
(2)

va = Vp,2 cos(ωHFt) vb = Vp,2 cos
(

ωHFt − 2π

3

)
vc = Vp,2 cos

(
ωHFt +

2π

3

)
(3)

ia = Ip,2 cos(ωHFt − φ2) ib = Ip,2 cos
(

ωHFt − 2π

3
− φ2

)
ic = Ip,2 cos

(
ωHFt +

2π

3
− φ2

)
(4)

where Vp,1, Vp,2, Ip,1, Ip,2 are the peak values of voltages and currents; ωLF, ωHF stand for
the angular frequency of the LF and HF ports; and φ1, φ2 represent the shift angles.

Taking into account the B2B MMC circuit shown in Figure 2, it is possible to represent
the voltages and currents of both ports as follows: vr

vs
vt

 =

 −vP
r + vN

r
−vP

s + vN
s

−vP
t + vN

t

+ RLF

 ir
is
it

+ LLF
d
dt

 ir
is
it

+ 2LC
d
dt

 ic,1
ic,2
ic,3

+ vdc

 1
1
1

 (5)

 va
vb
vc

 =

 −vP
r + vN

a
−vP

b + vN
b

−vP
c + vN

c

+ RHF

 ia
ib
ic

+ LHF
d
dt

 ia
ib
ic

+ 2LC
d
dt

 ic,4
ic,5
ic,6

+ vdc

 1
1
1

 (6)

where vP
x , vN

x , vP
y , vN

y are the cluster voltage output; vdc is the DC port voltage; idc is the DC
port current; the cluster currents are defined as iP

x , iN
x , iP

y , iN
y ; and ic,1, ic,2, ic,3, ic,4, ic,5, ic,6 are

the cluster currents. By applying the Kirchhoff current law in the phases x ∈ {r, s, t} and
y ∈ {a, b, c}, the AC ports currents can be estimated: ir

is
it

 =

 iP
r − iN

r
iP
s − iN

s
iP
t − iN

t

;

 ia
ib
ic

 =

 iP
a − iN

a
iP
b − iN

b
iP
c − iN

c

 (7)

 ic,1
ic,2
ic,3

 =
1
2

 iP
r + iN

r
iP
s + iN

s
iP
t + iN

t

+
1
3

 idc
idc
idc

;

 ic,4
ic,5
ic,6

 =
1
2

 iP
r + iN

r
iP
s + iN

s
iP
t + iN

t

− 1
3

 idc
idc
idc

 (8)

Expressing (5) and (6) in synchronous reference frame and considering the previous
expression of the cluster currents, the following equations are obtained:

 vd,1
vq,1
v0,1

 =

 −vP
d,1 + vN

d,1
−vP

q,1 + vN
q,1

−vP
0,1 + vN

0,1

+ LLF
d
dt

 id,1
iq,1
i0,1

+ vdc

 0
0
1

+ LC
d
dt

 icd,1
icq,1
ic0,1


+

 RLF −ωLFLLF 0
ωLFLLF RLF 0

0 0 1

 id,1
iq,1
i0,1

+

 0 −ωLFLC 0
ωLFLC 0 0

0 0 1

 icd,1
icq,1
ic0,1

 (9)

 vd,2
vq,2
v0,2

 =

 −vP
d,2 + vN

d,2
−vP

q,2 + vN
q,2

−vP
0,2 + vN

0,2

+ LLF
d
dt

 id,2
iq,2
i0,2

+ vdc

 0
0
1

+ LC
d
dt

 icd,2
icq,2
ic0,2


+

 RHF −ωHFLHF 0
ωHFLHF RHF 0

0 0 1

 id,2
iq,2
i0,2

+

 0 −ωLFLC 0
ωLFLC 0 0

0 0 1

 icd,2
icq,2
ic0,2


(10)
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The expressions in (9) and (10) represent independent dynamics for the AC and DC
ports of each MMC. Therefore, id,1, iq,1 can be used to manipulate the active and reactive
power in the LF port. Analogously, id,2, iq,2 can be used to regulate the power terms in the
HF port.

2.2. Power-Voltage Model

Assuming a uniform cell capacitance C, an equal voltage distribution per cell v∗C and
neglecting cell losses, the equivalent Cluster Capacitor Voltage (CCV) is obtained by the
sum of the cell voltages within a cluster:

Cv∗C
dvP

Cx
dt

≈ C
n

∑
i=1

dvP
Cx,i

dt
; Cv∗C

dvN
Cx

dt
≈ C

n

∑
i=1

dvN
Cx,i

dt
(11)

Cv∗C
dvP

Cy

dt
≈ C

n

∑
i=1

dvP
Cy,i

dt
; Cv∗C

dvN
Cy

dt
≈ C

n

∑
i=1

dvN
Cy,i

dt
(12)

Given the floating configuration of the half-bridge power cells within each group,
they must be controlled to maintain a stable voltage v∗C. This regulation is achieved
by manipulating the cluster currents iP

x , iN
x , iP

y , iN
y , which also contain a component that

provides power to the DC and AC ports. The power in each cluster, that is, pP
x , pN

x , pP
y , pN

y ,
is the product of the cluster currents and the corresponding output cluster voltages, such
that pP

x ≈ vP
x · iP

x , pP
y ≈ vP

y · iP
y , pN

x ≈ vN
x · iN

x , and pN
y ≈ vN

y · iN
y . Then, the cluster currents

are used as inputs to regulate the floating capacitor voltage in each cell.
The CCV in (11) and (12) can be expressed in terms of the cluster power as follows:

1
Cv∗C

∫ t

0

[
pP

r pP
s pP

t
pN

r pN
s pN

t

]
≈

[
vP

Cr vP
Cs vP

Ct
vN

Cr vN
Cs vN

Ct

]
(13)

vP
Cx ≈ vP

Cx + ṽP
Cx, vN

Cx ≈ vN
Cx + ṽN

Cx (14)

1
Cv∗C

∫ t

0

[
pP

a pP
b pP

c
pN

a pN
b pN

c

]
≈

[
vP

Ca vP
Cb vP

Cc
vN

Ca vN
Cb vN

Cc

]
(15)

vP
Cy ≈ vP

Cy + ṽP
Cy, vN

Cy ≈ vN
Cy + ṽN

Cy (16)

The CCVs terms are decomposed into oscillating terms ṽP
Cx, ṽN

Cx, ṽP
Cy, ṽN

Cy and average

terms vP
Cx, vN

Cx, vP
Cy, vN

Cy. As is well known, to ensure proper balance in MMCs, the oscillat-
ing terms must be controlled to zero and the average CCV in each cluster must be greater
than the input and output voltage [28]. vP

Cx, vN
Cx, vP

Cy, vN
Cy to nv∗C.

In this paper, a balancing control is applied to regulate the average term in the CCV
to a stable average v∗C by manipulating iP

x , iN
x , iP

y , iN
y (see (13) and (15)). In this manner, the

oscillating terms are not controlled with the advantage of reducing the peak of the cluster
currents ic,1, . . . , ic,6 of (5) and (6).

3. Proposed Control Strategy

The proposed control strategy is comprised of a nested structure using proportional
integral (PI) controllers as shown in Figure 3. The LF port MMC is used to control the DC
voltage and the reactive power by manipulating id1 and iq1. On the other hand, HF MMC
is used to regulate active and reactive power by manipulating id2 and iq2. Measurements
of the cluster currents iP

x , iN
x , iP

y and iN
y are used to calculate the currents at the LF port (ir,

is, it) and at the HF port (ia, ib, ic). These currents are then transformed into a reference
frame synchronized with the LF voltage vx and synchronized with the HF voltage vy.
The estimation of the angles θLF and θHF are obtained using conventional phase-lock
loop algorithms.
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The relation between active power and DC voltage vdc is considered as follows.

P1 = vd,1id,1 ≈ 3C
2n

v∗dc
dvdc
dt

(17)

It is important to note that in the B2B configuration, an MMC regulates vdc through
the direct component of the LF port current id,1. Moreover, the inner current loops, based
on PI control, regulate the aforementioned currents to their respective references, which are
defined for the active and reactive power at the LF and HF ports as follows:

P∗
2 = Vp,2 · i∗d,2; Q∗

2 = −Vp,2 · i∗q,2 Q∗
1 = −Vp,1 · i∗q,1 (18)

where Q∗
1 , P∗

2 Q∗
2 are the active and reactive power references for the LF port and the HF

port, respectively. It is important to note that P∗
2 is included as a feedforward term in the

current control of the LF MMC even though this is not illustrated in Figure 3. As proposed
in [28], this feedforward improves the dynamic response of a B2B MMC as the change
in the power of one port is fed to the inner control loop of the other MMC. The inner
current controllers generate voltage references in the frame dq that need to be transformed
back to the natural frame. Then, the voltage reference is obtained for each cluster, that
is, v∗r , v∗s , v∗t , v∗a , v∗b , v∗c . These references are normalized to obtain the modulation index
as follows: mP∗

r
mP∗

s
mP∗

t

 =
−1

vdc/2

 vP∗
r

vP∗
s

vP∗
t

+

 1
1
1

;

 mN∗
r

mN∗
s

mN∗
t

 =
1

vdc/2

 vN∗
r

vN∗
s

vN∗
t

+

 1
1
1

 (19)

 mP∗
a

mP∗
b

mP∗
c

 =
−1

vdc/2

 vP∗
a

vP∗
b

vP∗
c

+

 1
1
1

;

 mN∗
a

mN∗
b

mN∗
c

 =
1

vdc/2

 vN∗
a

vN∗
b

vN∗
c

+

 1
1
1

 (20)

Figure 3. Nested control system for B2B MMC-based system.

The local cell balancing and modulation block is presented in Figure 4 as proposed
in [29–31]. First, the modulation indices mxP, mxN are directed to a Nearest Level Control
(NLC), where cells are selected and added according to the level required to synthesize
in the output. Otherwise, they are bypassed. The NLC includes the use of Pulse Width
Modulation (PWM) signals compared to 4 kHz carriers, and a local balance control (LCB)
that utilizes sorting logic to measure capacitor voltages per cluster [32–34]. The LCB
ensures that cells are ordered from the lowest to the highest capacitor voltage or vice versa
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according to the direction of the cluster currents ixP, ixN , relative to the reference voltage
v∗C/n. Subsequently, gate signals are generated to drive the semiconductor devices in each
cell with the application of PWM to the last inserted power cell.

Figure 4. (a) NLC and sorting–balancing algorithm. (b) NLC operation. (c) Sorting logic.

4. Experimental Results

This section validates the proposed control strategy using a prototype of a 120 power
cell B2B MMC that connects a 15 Hz grid to a 50 Hz grid. Details about the structure and
main parameters of the prototype are provided. Then, three experimental tests are included
to verify the operation of the proposed control strategy for bidirectional power flow and
dynamic load variation. In all cases, experimental results are presented to verify the
regulation of the voltages of the 120 DC capacitors, cluster currents and AC port voltages
and currents.

4.1. Prototype Description

The main structure of the prototype is shown in Figure 5. The prototype is composed
of a host computer, two programmable AC power sources, and two 60-power cell MMCs
from OPAL-RT. A photograph of the B2B MMC prototype is shown in Figure 6, and its
main parameters are summarized in Table 1. The control system operates with a sample
time of 250 µs.

Figure 5. B2B MMC prototype schematic.
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Figure 6. B2B MMC prototype photograph.

Table 1. Prototype parameters.

Parameter Value

Active power 3000 W

LF port voltage/freq. 120 V/15 Hz

HF port voltage/freq. 120 V/50 Hz

LF port current. 7.5 A

HF port current 7.5 A

DC port voltage 400 V

DC port current 7.5 A

Power cell capacitance 6 mF

Cluster inductance 2.5 mH

Number of cells per cluster 10

Power cell voltage 40 V

Switching frequency 4 kHz

Each MMC OP1200 incorporates 60 full-bridge power cells. The control platform
comprises a master and two slave Real-Time Simulators (RTSs) from OPAL-RT, model
OP4510. The OP4510 is used as control stages to program the control strategy described in
Figures 3 and 4. The master RTS is connected to a host computer and configured to send
the references v∗dc, Q∗

1 , P∗
2 , Q∗

2 to the slave RTS and regulate both MMCs. The master RTS
receives the measurements of the electrical variables and provides a real-time visualization
of these variables. The host computer runs the control strategy over RT-LAb and Simulink;
then, all measurements can be accessed in real time and are plotted using Matlab figures.
A third RTS is also used to control programmable AC power sources. The first MMC
performs the Vdc Q control, and the second MMC performs the PQ control. Programmable
AC power sources operate at 120 V/15 Hz in the LF port and 120 V/50 Hz in the HF port.

The first MMC is regulated to control the DC voltage (Vdc) and the reactive power (Q),
while the second MMC is regulated to control the active and reactive power independently.
Programmable AC power sources are calibrated to deliver an output of 120 V at a frequency
of 15 Hz for the LF port and, similarly, 120 V at 50 Hz for the HF port, thus providing the
necessary conditions for the operation of the MMCs.
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4.2. Test 1: 3 kw Power Transference

Experimental results for a3 kW power transfer between the LF port and the HF port.
The results are presented in Figures 7–9. It is important to note that all waveforms are
plotted within a time window of 0.1 s. AC voltages and currents on the LF side can be
observed in Figure 7a and Figure 7b, respectively. As illustrated in Figure 7c,d, the DC
voltage and current are regulated at 400 V and 7.5 A, respectively. Furthermore, both MMCs
exhibit appropriate power tracking for active and reactive power as shown in Figure 7d,e.
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Figure 7. Experimental results for test 1. (a) LF port voltages. (b) LF port currents. (c) DC voltage and
current, LF MMC. (d) Active and reactive power, LF port. (e) HF port voltages. (f) HF port currents.
(g) DC voltage and current, HF MMC. (h) Active and reactive power, LF port.

Figure 8. Experimental results for test 1. (a) HF grid voltages and currents. (b) LF grid voltages
and currents.

Oscilloscope waveforms for this test are presented in Figure 8. HF and LF voltages and
currents exhibit good power quality. The voltage regulation of the capacitor is presented
in Figure 9, which shows the correct voltage regulation in the 120 power cells of the
prototype. The 60 voltages of the cells in MMC1 are presented in Figure 9a, and the
60 voltages of the cells in MMC2 are presented in Figure 9c. As stated above, the ripple
in the floating capacitor is indirectly proportional to the difference between the input and
output frequencies of the MMC [22]. Therefore, the oscillations in the floating capacitors
on the LF side are higher because of the AC–DC port frequency difference. In both cases,
the capacitor voltages are properly regulated to an average value of 40 V despite the
ripple components. Cluster currents show a DC component since they contain the power
transference current (≈2.5 A) plus half of the alternating component of the LF and HF ports
with an effective value of 3.75 A approximately (see Figure 9b,d).
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Figure 9. Experimental results for test 1. (a) MMC capacitor voltages, LF port. (b) Cluster currents,
LF port. (c) MMC capacitor voltages, HF port. (d) Cluster currents, HF port.

4.3. Test 2: 3 kw Inverted Power Transference

The experimental results for an inverted power transfer are presented in Figures 10 and 11.
Figure 10a,b present AC voltages and currents at the LF port, exhibiting sinusoidal wave-
forms with low distortion. Stable DC voltage and current are achieved by LF MMC control,
as shown in Figure 10c,d. Conversely, Figure 10e,f show the AC voltages and currents at
the HF port, mirroring the expected sinusoidal profiles with higher frequency. Figure 10g,h
present the active and reactive power for the LF and HF ports. These waveforms demon-
strate that both MMCs maintain appropriate power tracking of active and reactive power.
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Figure 10. Experimental results for test 2. (a) LF port voltages. (b) LF port currents. (c) DC voltage
and current, LF MMC. (d) Active and reactive power, LF port. (e) HF port voltages. (f) HF port
currents. (g) DC voltage and current, HF MMC. (h) Active and reactive power, LF port.

The 120 cells are properly regulated at a mean voltage value of 40 V, and their fluc-
tuations are bounded into a ripple lower than ≈12.5%, as shown in Figure 11a,c. Cluster
currents have inverse mean values compared to the previous case (see Figure 11b,d).
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Figure 11. Experimental results for test 2. (a) MMC capacitor voltages, LF port. (b) Cluster currents,
LF side. (c) MMC capacitor voltages, HF port. (d) Cluster currents, HF port.

4.4. Test 3: Variations in Power Transference

In this test, the B2B is configured to change the power references. The results related
to the AC ports are presented in Figure 12. AC voltages and currents in the LF port are
presented in Figure 12a,b, while the voltages and currents in the HF port are presented
in Figure 12c,d. An amplified view of voltages and currents is included in the figures to
illustrate the frequencies at both ports. The DC voltage is regulated at 400 V, and the DC
current reaches 7.5 A when the active power is duplicated. LF and HF port active and
reactive power terms are presented in Figure 12f,h. Throughout the duration of the test, the
B2B MMC maintains a unitary power factor at both ports. Initially, the system transferred
1.5 kW from the LF port to the HF port. Subsequently, at t ≈ 2 s, the power reference is
increased to 3 kW, demonstrating the ability of the control to maintain the regulation of the
voltages of the power cell capacitors regardless of the demands for power transfer.

0 12.5

0 12.5

5 5.1

0 12.5

5 5.1

0 12.5

Times (s) Times (s)

Figure 12. Experimental results for test 3. (a) LF port voltages. (b) LF port currents. (c) HF port
voltages. (d) HF port currents. (e) DC port voltage. (f) Active and reactive power, LF port. (g) DC
port current. (h) Active and reactive power, HF port.



Processes 2024, 12, 155 12 of 14

The DC capacitor voltages of the 120 power cells are shown in Figure 13. The 60 DC
capacitor voltages of the LF MMC are presented in Figure 13a, including an amplified
view of the 60 voltages to visualize the oscillations caused by the 15 Hz grid. Similarly,
Figure 13b shows the 60 DC capacitor voltages of the HF MMC. In this case, the oscillations
are produced by the 50 Hz grid. In both cases, the voltages are controlled to a mean voltage
value of 40 V. When active power is increased, voltage fluctuations are bounded in a ±4 V
band in both ports.

Figure 13. Experimental results for test 3. (a) MMC capacitor voltages, LF port. (b) MMC capacitor
voltages, HF port.

5. Conclusions

This research paper proposes a new method for controlling a BTB MMC in LFAC
applications. One of the challenges in these applications is the high-voltage oscillations in
the floating capacitors of the MMC due to the LF in the AC port. The traditional approach
of using circulating currents to mitigate these oscillations has some drawbacks, including
reduced efficiency and limited application in high-number power cells.

Therefore, this paper introduces an NLC-based control strategy for a B2B MMC. This
strategy enables proper voltage regulation in both MMCs without transformations or
circulating currents. The NLC algorithm can properly control the floating capacitor while
achieving decoupled power transfer on the LF and HF sides. The experimental results
obtained with a prototype composed of 120 power cells are presented. In all tests, the
results demonstrated proper voltage regulation between the voltages of the 120 floating
capacitors, reduced cluster currents, and proper power quality in the AC ports.

Compared to state-of-the-art control strategies, the proposed control strategies elimi-
nate the need for complex linear transformations, providing a simpler and easier implemen-
tation. Additionally, it does not use the circulating currents to regulate the floating capacitor
voltages, mitigating drawbacks such as reduced efficiency. In addition, this strategy can be
implemented in a decentralized manner. The RTSs used in the prototype do not need the
information of the cluster measurements as they perform only outer control.

Future work is foreseen with the aim of further improving the performance of the
control strategy performance and practical implementation. For example, it is possible to
extend the research to investigate the scalability of the proposed control strategy for BTB
MMCs in scenarios with an even higher number of power cells. In this regard, modified
NLC strategies to enhance efficiency could be analyzed. In addition, it is possible to study
the adaptability of the NLC-based control strategy to different operating conditions, such
as varying loads and frequency fluctuations. Furthermore, future work could focus on
developing robust security measures for the proposed control strategy.
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