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Abstract—The Modular Multilevel Matrix Converter (M3C) is
an ac-to-ac converter suitable for high-power applications. The
control of this converter is complex, mainly when the frequencies
of the ac systems connected to the ports of the converter are
close or equal, because the floating capacitors can present large
voltage oscillations. Therefore, this paper proposes a new Vector
Control System to enable the operation of the A/3C' when
the input-output frequencies are equal. The effectiveness of
the proposal is validated through simulations and experimental
results conducted with a 27 power-cell prototype.

Index Terms—Modular Multilevel Matrix Converter, Equal Fre-
quencies Operation, Floating Capacitor Voltage Control

I. INTRODUCTION

The M?3C is an ac-to-ac converter firstly proposed for Wind
Energy Conversion Systems [1]. This converter has several
advantages over traditional topologies such as full modularity,
simple extension to reach high voltage levels, redundancy,
control flexibility and power quality [2]. Lately, the M?3C
has been also proposed for drives [3], [4], large power wind
turbines [5], [6] and grid-connected applications [7].

The M3C is characterised by a cascade connection of Full-
Bridge power cells forming a cluster. The direct ac-to-ac
connection of two ac ports is achieved using the nine cluster
of the converter, as shown in Fig. 1. The capacitor voltage of
each power cell is floating and can charge-discharge during
the operation of the converter. Therefore, one of the most
important control tasks is to maintain the voltage in each
capacitor within an acceptable range [2].

This converter is suitable for low-speed high-power applica-
tions because lower circulating currents and common-mode
voltage are required to mitigate the oscillations in the capac-
itors, in comparison to other topologies such as the Modular
Multilevel Converter [2]. However, the M3C has an inherent
problem when the input-port frequency is close to the output-
port frequency, resulting in large voltage oscillations in the
floating capacitors.

Cascade control systems based on decoupled modelling of
the M3C have been proposed [3], [4]. These approaches
enable the use of the circulating current of the converter and
the common-mode voltage to regulate the floating capacitor
voltages. When the input-port frequency is low in comparison
to the output-port frequency, referred to as Low-Frequency
Mode (LFM), the average components of the capacitor volt-
ages are controlled using either the circulating currents or
the common-mode voltages [3]-[6], [8]. When the input-port
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Fig. 1: Modular Multilevel Matrix Converter Topology.

frequency is close or similar to the output-port frequency,
referred to as Equal Frequencies Mode (EFM), mitigation
signals are included to compensate the oscillations in the float-
ing capacitor voltages [7], [9]. These mitigation signals are
predefined offline and, consequently, do not have closed-loop
adaptation capability. Additionally, the mitigation currents
signals cannot compensate nonlinearities or simplifications of
the converter model, and they do not adequately regulate the
voltage oscillations to zero.

To solve the problems above, this paper presents a novel dg
Vector Control System to enable EFM operation of the M3C.
This proposal considers nested control systems to regulate
the floating capacitor voltages and the input-output ports. In
EFM, the mitigation signals are regulated using a closed-
loop controller that successfully drives the oscillations in the
floating capacitor voltages to zero. The effectiveness of the
proposed Control Strategies is validated through experiments
conducted with a 27 power cells prototype rated to SkVA.

II. MODULAR MULTILEVEL MATRIX CONVERTER

The dynamics of the M3C can be represented by a decoupled
model obtained using the Double o350 Transformation [3],
[4]. This procedure enables a decoupled representation of the
Voltages-Currents and Power-Capacitor Voltages of the M3C'
as follows:



A. Voltage-Current Model of the M>C

The first model represents the currents and voltages of the
M?3C in Double a0 coordinates:
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Where the m represents the input-port voltages and currents
and the subscript g stands for the output-port variables. The
voltages at the terminal of the cluster are represented by vy,
z €{a, B}, y € {«, 8}, L. is the cluster inductor inductance,
and the common-mode voltage between the neutral points N
and n is symbolised by v,,.

One of the main advantages of (1) is the fact that it enables
the use of the transformed cluster currents and voltages as
degrees of freedom to regulate the converter. The currents
ia0 and igo are only dependent on the input-port currents,
whereas g, and 7pg are only dependent on the output-port
currents. Furthermore, the currents 4,0, 750, t0o and ipg are
known as Circulating Currents.

B. Power-Cap. Voltage Model of the M3C

The total capacitor voltage available in a cluster, referred to as
Cluster Capacitor Voltage (CCV), can be related to the cluster
power as follows [6]:
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Note that it is assumed that the power cells have the same
capacitance C' and their capacitors are controlled to the
desired value v}.

The Double oS0 Transformation is applied to (2) to enable a
decoupled representation of the energy interaction among all
the clusters of the M3C [4]. Accordingly, (2) results in:
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The voltage terms of the left side of (3) represent voltage
imbalances between different clusters. Additionally, v.,, is
related to the total active power flowing into/from the M3C.
The power components in the right-side of (3) can be ex-
pressed as a function of the transformed currents and voltages
of the converter as presented in [4]. For instance, P, yields
to:
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Then, replacing (4) into (3):
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where wy, =27 f, and w,=27f,. Note that V,, and V, are
the machine and output-port phase-to-neutral peak voltage
magnitudes, respectively. I,,, and I, are the machine and
output-port peak current magnitudes, respectively. f,, and fg,
are the machine and output-port frequencies. The angles ¢,,
and ¢, are the machine and output-port phase angles.

Analysing (5), it is possible to conclude that the CCVs can
present large voltage oscillations when f,,==+f,. The same
problem appears in v, ., Uy, and v.,, when f,,=%+f,.
Additionally, CCVs v, and v, can lead to large voltage
fluctuations when f,,,=0 and v, and v.,, when f,=

C. XA Transformation

This proposal introduces the use of an additional linear trans-
formation, called XA Transformation [10], [11], to enable
a vector representation of the Power-CCV model. The YA
Transformation can be written in matrix form to transform
a generic vector X from the Double-a80 frame to the LA
frame as follow:
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XEA =3 (6)
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The YA Transformation is applied to (3) yielding to the
Power-CCV of the M3C in XA Double-a30 coordinates:
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The use of the YA Transformation enables a better represen-
tation of the CCVs in terms of the ports frequencies because
a pair of of CCV ripple terms is obtained for each unstable
condition For example, large voltage oscillations can appear
in ¥ vc1 , just when fm=1fq (and not when fp,,==%f, as v._,).
Defining the power flows and the cluster capacitor voltages
as vectors, the Vector Power-CCV model in XA Double-a30
coordinates can be expressed as follows:
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The superscript ¢ represents the complex conjugate operator.
(8)—(11) represent the vector Power-CCV model of the M3C.
This model allows a simple analysis and implementation of
vector control structures.
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III. VECTOR CONTROL SYSTEMS OF THE M3C'

Significant Voltage oscillation should be avoided in 7, >2

Clapg’
17622%,1) o6 and #,° when the input-output ports frequelq—
cies are close. Notlce that, due to the integral effect pro-
duced in the capacitors, even small dc-components in the
powers components of (3) could produce significant voltage
imbalances. Consequently, zero steady-state error and good
dynamic control of the cluster capacitor voltage unbalances
are fundamental to provide proper operation of the converter.
Therefore, this proposal considers novel Control Strategies for
decoupled regulation of the CCVs, input-port and the output-
port Control is proposed. Each Control System is described
in the following subsections.

A. Vector Control System of the CCVs

Vector Control Strategles for the regulation of ¥,

CiapB’
TG U, 0‘5 and v

crnp’ B are proposed. The average value of all
the ﬂoatlng capacnor voltages is regulated using v.,,. In EFM,
the CCV vectors (average and oscillation components) are
regulated to zero using the last terms of (8)-(11).
It is important to mention that the control of the M3C' in
LFM is not included in this proposal. However, readers can
refer to [4], [6] for more details about the operation of the
M3C in LFM.
1) Control of the average component of the capacitor volt-
ages: The term v.,, represents the average voltage in all the
floating capacitors of the M3C and it is related to the active
power flowing into the converter Fyo. Therefore, the following
expression is written:
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The term P,,; represents the M?>C output power which is
considered as a disturbance that can be feed-forwarded for
control purposes. Additionally, the input-port variables can
be referred to a dq frame rotating at 6, and oriented along
the voltage vector. Therefore, (12) becomes:

dv,
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¢ dt 3
Accordingly, an incremental current iy , can be calculated
to regulate the average value of the CCVs using 13.

2) Control of v, 2% and v, EA' The power flows produced by
the last terms of (8)-(9) are used to regulate the vectors vczlAﬂ
and vc2 , When the frequencies are close to f,,==f,.

The proposed control system is analysed in dq coor-
dinates. Therefore, (8) is referred to a dg-frame using

0u1= [ (wg—wyy,)dt, and (9) is referred to a dg-frame rotating
using Oyo= [ (wg+ws,)dt:

—SEA

* 1d SYA 1/~ = - 2

CUC[ < +jwu1’UCld ] 6(Umdq29dq _’Ugdqlmd,q ) (14)
YA 530, 2 3A j36 =
+\[<Umdq22dq e’ Ugququ e’ g)*vn(lldq )
dﬂZA

* SYAT] o 1 e - 7
CUC [ +jwu2v(;2d ] 6 (Umdq Z!]dq rUQd,q Zmdq) (15)

1 YA 130, _— XA i304 2 3A
+\/g(vvndqhd e’ —Ugagi,, € TIe)—uy, (lzd )

The common-mode voltage and the dq circulating currents
should be in phase to produce adjustable power flows. Ad-
ditionally, 21 A and 22 are redefined as high frequency
signals and then the power flows produced by middle terms of
(8)-(9) can be neglected since the capacitors filter them out.
Therefore, the dg circulating currents and the common-mode
voltage are defined as:

Zlgq%*_jlgq%*f( ); Zﬁ(ﬁ*_fﬁé*f(t);vn:%g(t) (16)
where f(t) and g(t) are in phase. What is more,

f({t)=A; sin 6, + A3 sin 30,,, where 6,, must be relatively high
frequency signal, and g(t)=sign{f(¢t)}. The amplitudes of
the constants A;, Az and Vj are chosen accordingly to the
criteria presented in [12]. These definitions imply than the
mean value of f(t)g(t) ~ 1. Then, (14)-(15) yields to:
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The voltage oscillations in (17)—(18) can be considered as
disturbances from a control point of view. This interpretation
leads to the redefinition of the dq circulating considering the
next feed-forward components:
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R S . e
Finally, using (19)—(20) in (17)—(18):
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C * r‘ldq ~ _VOIIdEC*’C * cqu ~ _%1251?* (21)

The EFM control is presented in Fig. 2. Using (21), the vector
Uci% is regulated in the dq frame. The dynamic regulation
is improved by feed-forwarding the component —fﬁﬁ’ which
represent the voltage oscillations. The output of the external
control loop is multiplied by f(¢) and the common-mode
voltage is imposed as (16).
3) Control of Ucé"ﬁ and UCSB
chﬂ can be rewritten as:

: The dynamics of the vector
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Fig. 2: Proposed Vector Control Strategy for the regulation of the CCVs.
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=0 .
Analogously, U, is expressed as:
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In EFM, the voltage oscillations in ,*” and 7,° , are inside
an acceptable range and they can be filtered by the capacitors.
Therefore, just the average components of the vectors 1763‘50’0,
1762;’; are regulated using circulating current references in-
phase with the input-port and the output-port angles:
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The proposed Control Strategy is presented in Fig.3. The dc
components of the vector 1763‘6 are regulated to zero using a
power flow in phase with the grid angle §,. The same effect is
achieved for ch , manipulating a non-zero mean active power
in phase with the grid angle 6,,.

B. Input and Output Control Systems

Using (1), two independent models are obtained for the input
and output port dynamics. The dynamics of the input-output
ports Voltage-Current models are controlled using conven-
tional dq control systems implemented in dq coordinates:
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The voltage references obtained in (26)-(27) are rotated back
to Double /50 coordinates resulting in v,0-vgo for the input-
port, and vg,-vos for the output-port. These references are
sent to the Single-Cell Control as shown in Fig. 2.

C. Single-Cell Control and Modulation Scheme

The voltage references obtained by the control systems pre-
sented in the previous are transformed to the natural reference
frame using the inverse chO2 Transformation. Then, the
Cluster Capacitor Voltage references for each cluster in the
abc-rst frame are obtained. Here, an additional control loop
is utilised to regulate the capacitor voltages within a cluster
at the same level. Readers can refer [6], [13] for more details.

IV. SIMULATION RESULTS

A 10 MW M3C has been implemented in PLECS software
to validate the theoretical work proposed in this paper. The
simulated M3C has a nominal power of 10 MW and it fea-
tures seven power cells per cluster. Each power cell capacitor
operates at 2 kV with a capacitance of 7 mF. The input-port
of the M3C is connected to an ac system of 5.6 kV, whereas
the output port is connected to an ac system of 6.6 kV and
50 Hz.

Results for operation in EFM are presented in Fig. 4 and
Fig. 5. The input-port frequency f,, is increased in 2 Hz
each 2 seconds until it reaches 50 Hz, as illustrated in Fig.
4(a). The mitigation techniques are applied as proposed in Fig.

2. Accordingly, the oscillations in 17CEIAB are mitigated using
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the power terms produced by the circulating current and the
common-mode voltage.
During all this test, the CCVs are successfully regulated to

14 kV, as shown in Fig. 4(a). The vectors 7" and 7, are
presented in Fig. 4(b), whereas vectors 7, and ﬁcié are

presented in Fig. 4(c). The four vectors are properly regulated
to zero and the voltage oscillations are not increased as f,,
gets closer to f,. Finally, Fig. 4(d) illustrates unity power
factor operation of the system injecting 10 MW into the
output-port.

Fig. 5(a)—(b) shows the circulating currents for this test. The
circulating current peak is bounded at the same amplitude than
the pre-equal frequency value ~ 0.15 kA. This is because the

Fig. 6: Downscaled Laboratoy Prototype.

common-mode voltage of Fig. 5(c) is being synthesised to
generate manipulable power flows that allow to mitigate the
voltage oscillations produced by in EFM. For this test, the
common-mode voltage is selected to have an amplitude of
2.5 kV and a fundamental frequency of 120 Hz.

V. EXPERIMENTAL RESULTS

Experimental results for the proposed control methodology
have been obtained using the 27-power cell prototype. A
photography of it is showed in Fig. 6. The prototype is
composed of a control platform and a power stage. The control
platform is composed of a Digital Signal Processor (DSP)
Texas Instrument board, three FPGA boards, and additional
external boards for computer communication and analogue-
digital conversion. The power stage of the M3C prototype
is composed of nine clusters based on the series connection
of three full-H-bridge cells and one inductor. Therefore,
the converter has 27 power cells, each of them connected
to a floating capacitor of 4.7mF. The input port has been
connected to an Ametek Programmable power source, Model
CSW5550. The output-port has been connected to another
Ametek Programmable Power Source, Model MX45.

In this test, both port frequencies are set to 50 Hz and the
common-mode voltage is defined as (16), considering a peak
amplitude of 30 V and 120 Hz (fundamental frequency).
Moreover, the input-port is set to operate with P,,,= — 3.3kW
and @,,=0. The output-port is set with P;=3.3kW and
@Qm=2.1KVAr.

As shown in Fig. 7(a), the 27 capacitor voltages are properly
controlled to v} = 150 V. The vectors 7”5 —7,>"% and 7,7 —
1762 , are illustrated in Fig. 7(b) and Fig. 7(c), respectively.
In this case, the closed-loop control strategy of Section ??,
ensure that the CCV vectors are effectively regulated to zero.
Additionally, the ripple in these vectors is bounded inside a
=+ 5 V band, which represents oscillations of ~ 2.5% of the
CCV nominal value.

Oscilloscope waveforms of the voltages and currents of the
M3C are presented. From top to bottom, Fig. ?2(d) shows
one of the capacitor voltages of the M3C v, ,, the cluster
voltage v,, and the input-output ports voltages vy, (purple
line) and v,,, (blue line). Finally, Fig. 7(e) shows the grid
currents which have a peak amplitude of 14 A.
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VI. CONCLUSION

Vector Control Strategies based on the representation of the
converter in XA Double-a50 coordinates has been proposed
to enable the operation of the converter in EFM.

In EFM, the Control Strategies consider the use of the
circulating currents and common-mode voltage to mitigate the
voltage oscillation in the floating capacitor of the converter. It
has been proved that the Control System performs closed-loop
regulation of the CCV Vectors driving the capacitor voltage
oscillations effectively to zero.

The proposed Vector Control Strategies has been analytically
discussed and tested through simulations and experiments
conducted with a 27 power cell prototype. For all the tests,
the regulation of the input and output ports and the control
of the oscillations in the floating capacitor voltages have all
presented correct performance.
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