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Abstract—The Modular Multilevel Matrix Converter (M>C)
has been proposed as an appropriate alternative for high-power
machines due to characteristics such as modularity, medium-
voltage operation, high power quality and reliability. However,
complex control systems are needed when its ports operate at
equal frequencies, and the application of the A/C in equal fre-
quencies applications, such as Flexible AC Transmission System
(FACTS), can be restricted. Therefore, this paper presents a direct
power control of an M3C for FACTS applications, including
an enhanced control system to regulate the floating capacitor
voltages, whereas the converter provides functions of FACTS. The
effectiveness of the proposed control system is validated through
simulations implemented in PLECS software.

Keywords—Modular Multilevel Converters, Modular Multi-
level Matrix Converter, Flexible AC Transmission Systems.

I. INTRODUCTION

LEXIBLE AC Transmission Systems (FACTS) are power
electronics devices used to improve the electric power
systems transmission lines dynamic and static behaviour [1].
The first FACT implemented was a Static Var Compensator
(SVCQ). Due to their several advantages and applications, other
topologies have been developed and implemented until today.
Depending on the technology, FACTS allow to control differ-
ent power system parameters, such as voltage control, active
and reactive power flow control, transient stability, dynamic
stability, damping control and short-circuit current limitation
[2]. According to their grid connection, FACTS are classified
as Series Control, Shunt Control and Combined Control[3].
Series Control FACTS implies a series voltage injection
in the transmission line allowing reactive and active power
compensation depending on the phase voltage, impedance
line control and transmission line relief [4]. Parallel Control
FACTS consider current injection in the connection point. If
the injected current is in quadrature with the line voltage, it
will create a Reactive Power Flow between the system and the
FACTS device. This kind of control allows transmission line
relief, power factor correction and voltage control [5].
Finally, Combined Control FACTS refers to Series-Series
or Series-Parallel Controllers working together. These devices
are controlled by an independent and coordinated system
or a unified topology, namely, a physic connection between
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Fig. 1. M3C Topology for FACTS application

them. Usually, this connection is through a DC Link with a
Voltage Source Converter (VSC) in Back-to-back topology [6].

A comparison between the most relevant FACTS devices
and functions is presented in Table I. The compared de-
vices are Static VAR Compensator (VAR), Series Static Syn-
chronous Compensator (SSSC), Static Synchronous Compen-
sator (STATCOM) and Unified Power Flow Controller (UPFC)
[2].

FACTS devices are usually rated at high-power ratios.
Therefore, the preferred technologies were based on thyri-
tors. Despite of the high efficiency and high-power opera-
tion capability, power converters based on these technologies
presents several drawbacks, such as low switching frequencies
operation, not fully controllability and modularity, and large
harmonic injection. Consequently, multilevel voltage source
converters have emerged as a suitable alternatives for high-
power applications. Most studied multilevel converters are
the Neutral Point Clampled (NPC), the flying-capacitor and
the Cascaded H-Bridge (CHB). Recently, the use of Modular
Multilevel Cascaded Converters (MMCC) for FACTS appli-
cations has been validated in research and industrial projects
due to its superior characteristics such as full modularity and
easy extendibility to reach high voltage levels, redundancy,
control flexibility and power quality [7], [8], [9]. MMCs are
a novel power converter family, presented around 15 years
ago [10]. The converters among this family are composed of
power cells usually based on Half-Bridges or Full-Bridges.
Among MMCs, the back to back Modular Multilevel Con-
verter and the M3C' are the most studied topologies for AC-
AC conversion [11]. The M3C is advantageously compared
to other topologies for low-speed high-power applications
because lower circulating currents are needed to mitigate the
capacitor voltage oscillations [12].

Regarding FACTS applications, the B2B-M2C has been
extensively used for High-Voltage Direct Current (HVDC)
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transmission [13] [14]. Additionally, this type of converter has
been studied as STATCOM [15] and UPFC [16]. Other MMCC
topologies have also been studied in FACTS applications [17].
For example, the M3C' have been proposed as a Unified Power
Quality Conditioner (UPQC), being advantageously compared
to other MMCC topologies [18].

The M3C control system had widely studied in [19], [20],
[21], and as mentioned above, this converter has several advan-
tages for low-speed applications. Nevertheless, the control of
the M3C becomes complicated when both ports are operating
at equal frequencies. Therefore, the control strategies are
divided into Different-Frequency Mode (DFM) [19], [12], [22]
and Equal-Frequencies Mode (EFM). EFM has been studied
in [23], [24], [25], [26], [27]

In this context, this paper present a direct power control
strategy for a M3C based FACTS, as shown in Fig. 1. The
modelling and control of the M3C are described in section
IT and III. Vector control systems are used to regulate the
floating capacitor voltages as proposed in [28], [29]. Finally,
simulations results considering a 10 MW model are included
to validate the effectiveness of the proposed control strategies.

II. ANALYSIS OF M3C

The M3C Topology is presented in Fig. 2, it is composed
of nine clusters, each cluster comprises by n cascaded power
cells and an L-Filter. And the power cells are composed of a
full-bridge circuit with a “floating” capacitor.

The recent studied uses linear transformation to analyse the
M?3C, the Double 30 Transform is used due to enable a
decoupled representation of the M3C' control systems [19].
Moreover, in [28] the XA Transformation is introduced to
apply a Vector Control Strategy. The dynamic M?3C model
in Double a0 — XA are separated in the Voltage-Current
Model (1), and the Power-Cluster Capacitor Voltage (CCV)
Model detailed in (3) - (6).

A. Voltage-Current Model of the M3C

This model is the result to apply the a50 — XA Transfor-
mation to the abc — rst model Voltage Kirchhoff Law of the
circuit presented in Fig. 2. The equations obtained is divided
in four subsystems: 7,0, ¢go and the subscript g represent the
input port of the M3C. The terms 7y, 10p and the subscript
m represent only the output port. Moreover, the circulating

currents are represented by zgﬁ z?ﬁ ZE(XA and zgﬁA and are
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Fig. 2. M3C Topology

totally independent to the others systems. Finally, 79 and v,

represent the common-mode circuit.
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Note that more details can be found in [30].

B. Power-CCV Model of the M3C

The next model represents the Cluster Capacitor Voltage
(CCV) dynamics. Due to the capacitors voltage are floating,
in some operations points the converter produce large oscilla-
tions, the control system required is not straightforward. In this
paper, the main operation point is when the input and output
frequency ports are equal (EFM) and also when the reactive
power flow in those ports is decoupled. The variations of the
CCYV with those conditions is presented in Fig. 3. The main
oscillations are produced when f;, = f,u: and the power
factor in the output port is near to zero.

The behaviour of the CCV is related to the clusters power,
and assuming all power cells have the same capacitance and
the internal losses in cluster inductor are dismissed, the CCV
dynamics is given by (2).

d P,y
dt v Cuv

Where = € {a,b,c}, y € {r,s,t}, Ppy = Ugyiay, and all
the capacitors are correctly regulated to v}.

Applying the Double 30 — XA Transformation, the CCVs
can be presented in function of the controllable terms as the
Circulating currents and the common-mode voltage. Neverthe-
less, the CCV also have non-controllable terms which present
the problems oscillations explained above. Therefore, the CCV
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terms are related with the frequencies ports in the next way:
viﬁﬁ has a frequency of f,, — fg, viﬁﬁ has a frequency
of fm + fg, v?f has a frequency of 2f,,, and vga 5 has a
frequency of 2fg. This four vector equations allow a simple
analysis and implementation of Vector Control structures to

regulate the floating capacitor voltages as proposed [28].
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III. DIRECT POWER CONTROL SYSTEM IN EQUAL
FREQUENCY MODE

A nested control system is proposed in this paper to allow
decoupled reactive power control and active power transfer-
ence between the ports of the M3C during EFM operation.
The decoupled regulation of the converter is performed in
Double a0 — XA frame, as presented in [28], enabling de-
coupled regulation the input-output ports variables and CCVs.
The overview of the proposed control system is presented in
Fig. 4.
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Fig. 4. Control system of M3C topology in EFM

A. Input-output ports control

The first step of the control system is the CCVs Average
and the Power Flow Control. The CCVs Average Control is
regulated by the component V., which depends on the direct
input current I, controlling all the disturbances in the average
capacitor voltage.

Then, the Power Flow control in converter ports is con-
trolled by the direct and quadrature inputs and output currents,
shown in Fig. 5.

The current references are given by reactive and active
power references divided in the voltage ports. The output
power reference divided in the direct output voltage give the
direct output current references, and divided in the direct input
voltage is the feed-forward current for the input port. For the
quadrature frame, the reactive power references are different
in output and input port and are divided in the output and

input port voltage, respectively.
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Fig. 5. Proposed power flow control

This control loop give the references for the ports compo-
nents voltages VC‘())‘B and Vc(l 5

B. M3C control

The average value of all the floating capacitor voltages is
regulated using the component v,,. For the other voltage



components in the , the control strategy applied depends on
the operating mode. In DFM operation, it is assumed that the
capacitor value is sufficient to attenuate the voltage oscillations
produced at (2fg,2fm, fg = fm) and only the average values
of the voltages in the have to be regulated to zero u

The first step of the control system is the regulation of all the
floating capacitor voltages is regulated using the component
Ueoo- This is performed controlling V7, which depends on the
direct input current I,,, controlling all the disturbances in the
average capacitor voltage.

The CCV vectors in the , i.e. v?lfﬁ, vczzfﬁ 020 0 , are
regulated into two operational modes: Balancing and Mitigat-
ing control modes.

For balancing control, it is assumed that the capacitor value
is sufficient to attenuate the capacitor voltage oscillations.
Then, only the average values CCV vectors have to be
regulated to zero using the circulating currents. This control
regulates the VC?J‘B , Vc(i 5 VEQAB and VCEQAB, which need to be
filtered at 2w, and 2w,y,, Wy, —wg, and wy +wy,, respectively.

For concerning to voltages chjﬁ and Vc(l , and currents / ggﬁ

and [ Sa 5 the name ’inter’ is used. In the same way, the name
9 9’ ZA ZA EA
intra’ refers to voltages V', and V% and currents [0

and Iczzfﬁ, as defined in [21], [31].

In mitigating control, as well as regulating the average
values, the low frequency oscillations of frequency f,=+f,, are
regulated to zero injecting common-mode voltage. The tran-
sition from balancing and mitigating control system depends
on the parameters of the converter such as cell capacitance,
input/output port voltages and power factors. An analysis of
the influence of these parameters is given in [32] and it is
partially presented in Fig. 3. For this work, f/'“*~0.9f, was
used.

The mitigation control, shown in Fig. 6, regulates the
circulating components using the common-mode voltage and
the circulating currents as shown in (3) and (4), and is detailed
described in [28]. Therefore, the mitigation control reduces
the oscillations produced by the input and output power,
represented by the first term of the right hand of 4 and 3,
controlling the power term given by the common-mode voltage
and circulating current. Nevertheless, a common-mode voltage
is injected to the system. The magnitude and frequency of this
voltage component are detailed studied in [33].

The output of the inter and mitigation control are the
circulating currents required to operate the M>C in EFM,
and those are controlled by next control step, the circulating
current control,this control step give the V., Bﬁ reference, and
the common-mode voltage reference V.

The voltage references are transform to abc frame, and the
each voltage cluster are obtained (V,, x € {a,b,c} and y €
{r, s,t}). Finally, these voltages are controlled by the single
cell control to obtain the voltage of each cell in the cluster.

IV. SIMULATION RESULTS

Simulation results of a 10 MW M3C' have been obtained
using PLECS software to validate the feasibility of the theo-
retical work proposed in this paper. The main parameters are
provided in table II.
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Fig. 6. Mitigation control

TABLE II
SIMULATION PARAMETERS
Simulation Parameter Value
Nominal Power 10 MW
Input Voltage / Frequency 5.5kV/50Hz
Output Voltage / Frequency | 5.39kV/20-60Hz
Single cell C 2200 uF
Capacitor Voltage 13 kV
H [34] 167 ms

The simulation results are presented in Fig. 7 and Fig. 8.
For (b)-(d) the blue line represents the input variable and the
red line the output variable.

In Fig.7, result considering three 10 Hz frequency steps
from 20 Hz to 50 Hz in the output port, the mitigation control
is available when the EFM is produced at second 3, before the
system is working only with the balancing control.

The CCVs are correctly regulated for all operations points,
as shown in Fig. 7 (a), even in the worst case when both ports
are consuming reactive power and is working in EFM. The
zoom over this area shows that voltage is properly regulated
to the Average Value and have a small peak to peak voltage,
and oscillations around 3-5% in the worst case.

The Active power in both ports is presented in Fig. 7 (c),
the difference between them is produced due to the resistances
included in the lines and clusters, causing more active power
flow in the input port. The reactive Power Flow is decoupled,
as shown in Fig. 7 (d), the systems are allowed to operate with
different power factors in their ports.

The circulating currents are presented in Fig. 7 (e) to (g).
The balancing currents of the inter and intra control are shown
in Fig. 7 (e) and Fig. 8 (f). In the second 3, the intra current
change to a mitigation current presented in Fig. 7 (g) when
the output frequency change to 50 Hz.

In Fig. 8, results considering a change to 60Hz in the output
port are presented. In this case the mitigation control change
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to balancing control because the converter operates in DFM
and just the average value of the CCV is regulated using the
circulating currents.

Fig. 8 (a) shows adequate regulation of the CCVs for
the whole operational range. It is noticeable that the CCV
oscillations are always bounded into a 10 — 15% band. In Fig.
8 (b) the input and output frequency are presented.

The active and reactive power flow are shown in Fig. 8§ (c)
and Fig. 8 (d) respectively. In the same way as the previous
case, the circulating currents are presented in Fig. 8 (e) to (g),
in this case the mitigation current changes to the intra current,
shown in Fig. 8 (f) and Fig. 8 (g), when the output frequency
change from 50 Hz to 60 Hz.

V. CONCLUSION

A direct power control strategy for a M3C' based FACTS
is presented in this paper. The modelling of the system is
presented and analysed in Double 50 frame, allowing the
implementation of nested vector control schemes. Simulation
results are presented to validate the effectiveness of the pro-
posed direct power control of the M3C operating in EFM
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and LFM, allowing active power flow and totally decoupled
reactive power transference among the converter ports, even
for EFM operation.
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