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Abstract: The modular multilevel matrix converter (M3C) is a power converter topology for ac to ac conversion that is suitable
for high-power applications. The control of this converter is complex, particularly if ac system frequencies are similar. In these
cases, the floating capacitors can present large voltage oscillations. Therefore, this study presents a new vector control system

to enable the operation of the M3C when the frequencies at the input and output are virtually the same. The effectiveness of the
proposed method has been validated using simulations and experimental results from a prototype M3C power converter with 27

cells.

1 Introduction

The modular multilevel matrix converter (M3C) is a power
converter topology for direct ac—ac conversion first proposed for
wind energy conversion systems [1]. This power converter has
advantages over traditional topologies including modularity, a
simple extension to enable operation at high voltage levels with
options for redundancy, control flexibility and enhanced waveform
quality [2]. Lately, the M3C 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 clusters 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 of each capacitor within an acceptable range
[2].
This converter is suitable for low-speed high-power
applications because lower circulating currents and common-mode
voltage are required to mitigate the oscillations in the capacitors, in
comparison to other topologies such as the modular multilevel

Cluster

Fig. 1 Modular multi-level matrix converter topology
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converter [2]. However, the M3C has an inherent problem when the
frequencies at the input and the output of the converter are very
similar or equal. This situation can result in oscillations in the
floating capacitor voltages.

Cascade control systems based on decoupled modelling of the
M3C have been proposed [3, 4]. These previously proposed
approaches use circulating currents in the converter along with
common-mode voltage control to regulate the voltages across the
floating capacitors. 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
voltages are controlled using either the circulating currents or the
common-mode voltages [3—6, 8]. When the input-port 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 floating capacitor voltages [7, 9].
These mitigation signals are pre-defined offline and can increase
the peak current flowing through the converter.

In this context, this paper presents vector control strategies 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, circulating currents and common-
mode voltage are used to form the mitigation signals that can
reduce the oscillations in the floating capacitor voltages to zero.
The effectiveness the proposed control strategies is validated
through experiment and simulation results from a prototype
converter rated at ~5 kVA with 27 operational cells.

2 Mathematical representation of The MPC

The dynamics of the M3C can be represented by a decoupled model
obtained using the double of0 transformation [3, 4]. This
procedure enables a decoupled representation of the voltages-

currents and power-capacitor voltages of the M3C as follows:

2.1 Voltage-current model of the M3C

In (1), the representation of the M3C converter after applying the
ap0 transformation to both ports of the converter is presented. The
model is represented by nine independent equations. Variables vy,
and its associated iy, x € {a, B}, y € {a, B}, represent internal
cluster voltages of the converter and the so-called circulating
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currents. In addition, and as one of the main advantages of this
representation, the input and output voltages are decoupled and
represented by v;; i € {m, g}, j € {a, B}, respectively. In addition,
L. is a small series inductor in each cluster and v, represents the
common-mode voltage. (see (1))

2.2 Floating capacitor voltage model

Assuming that all power cells of the converter presented in Fig. 1
are equal to C, and their voltages are controlled to v, the relation
of capacitor voltage of each cell and the power of each cluster can
be written as [6]

Ucar vcax Ucar Par Pas Pat
d
*
Cocgr (Vs Vs Vea| = |Por Prs Po 2
U, Ve, Uc, P Pes Py

In order to obtain a decoupled representation similar to (1), the a0
transform is applied twice to (2), yielding to

d Vcyq Uc/m Ucpq P aa P Pa P 0
CU;E Ve Uy Veop| = | Pap Ppp Pop 3)
Uoss Vg Vego Py Ppo Poo

From (3), v.o represents the average voltage present in each
cluster, which is calculated based on the net power absorbed/
delivered by the converter. The other eight terms represent the
voltage imbalances between different clusters and therefore they
have to be controlled to be zero.

According to [4], each power term of (3), can be calculated
based on the a0 components of (1). For instance, P, yields to

_ (Umaiga - Ugaima) (Umaiaa - Um/il/ia)
P aa —

3 76

. . “
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Then, replacing (4) into (3)
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Caa 6Co(w, — @)
+ Vil gsin(g, + (0, + @,)1) — Vl,sin(gh, + (0, + @,,)1)
6Cuvi(w, + wy,)
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where w,, = 2xf,, and w,=2xf,. Note that V,, and V, are the
machine and output-port phase-to-neutral peak voltage magnitudes,
respectively. ,, and I, are the machine and output-port peak current
magnitudes, respectively. f,, and f; 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,, = £ fo. The same problem

appears in v, v, and v, when f,, = + fo. Additionally, CCVs v,
and v, can lead to large voltage fluctuations when f,, =0 and v,
and Ucoy when f, = 0.

2.3 2A transformation

In order to decouple the voltage oscillation of the cluster capacitors
of the circulating terms of (3), a A transformation has to be
applied to the converter [10, 11]. This transformation also allow a
vectorial representation of the internal terms of the converter.

Thereby, to transform a generic vector X from the double-050
frame to the £A frame, the following matrix has to be used:

ngA aa
10 0 1
Xipl 1 Xap
==[0 1 -1 0 (6)
XEA 2 Xﬁa
a 01 1 0
ey Xpp

The ZA transformation is applied to (3) yielding to the power-CCV
of the M2C in A double-af0 coordinates:

A A

ZA A
d Uciq Ucl/i Ucoq Pl(l Plﬁ PO{x
* 2 ZA A ~ A A
CUC dt Uy UC2/} UCOﬁ =1\Py P 2 P op (7)
Ve, Uc/,‘() Ve Py P po Py

The use of the XA transformation enables a better representation 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 Uiﬁp just when f,,
=f¢ (and not when f,, = +f, as v, ). Defining the power flows and

the cluster capacitor voltages as vectors, the vector power-CCV
model in ZA double-050 coordinates can be expressed as follows:

*duca /(s 2 - ¢
Co; L _(U :na/}l Sap — U gupl ma/})
dt 6 @)
1 (= =28 ¢ 23A° >XA
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Uc dr ~ m(vmaﬂl ma/)‘)_ﬁ Vgapl 1ap + Vgapl 2ap (10)
1 =
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1 —
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(1)

The superscript ‘c’ represents the complex conjugate operator.
Equations (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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3 Vector control systems of The MFC

—XA —SIA

Significant voltage oscillation should be avoided in Vcip Vcoup

E’ff and Eﬁaﬂ when the input—output ports frequencies are close.
Notice that, due to the integral effect produced 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.

3.1 CCVs vector control

ZA SIZIA Sap

Vector control strategies for the regulation of 17% # Vo Voo and

172“/, are proposed. The average value of all the floating capacitor
voltages is regulated using the term v.,. In EFM, the CCV vectors
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 paper. However, readers can refer to [4, 6] for

more details about the operation of the M3C in LFM.

3.1.1 Control of the average component of the capacitor
voltages: The term v, represents the average voltage of all the
floating capacitors. This term is related to the active power Py
flowing into the converter. Therefore, the following expression is
written:

Input Power = P;, Output Power = Py ¢

*duc()o _ Omabma + Um/iim/, Ugaiga + Ugﬂig/; (12)
Cl}cT ~ Py, = 3 - 3

The term Pgy represents the M3C output power which is
considered as a disturbance that can be feedforwarded.
Additionally, the input-port variables are referred to a dg frame
rotating at 6,, and oriented along the grid-voltage. Therefore, (12)
becomes

.dvgy, [
Co, dr = Py = gumdlmd (13)

Accordingly, an incremental current i, can be calculated to
regulate the average value of the CCVs using (13)

A A
3.1.2 Control of B’Cmﬂ and 5’%/,.' The power flows produced by
A
the last terms of (8) and (9) are used to regulate the vectors sz‘w
A . . X
and E)CM when the frequencies are close to f,,, = + .
dy . SZA A .
The voltage oscillations in gc,,,,; and 3%/, are filtered using dg-

based filters. Therefore, (8) and (9) yield to

—YAdc

do —>zA
Cvzé—ltaﬂ & — Ul gp (14)
—>YAdc
do =3YA
CorLED o 0Ty (15)

The common-mode voltage and the circulating currents should be
in phase to produce adjustable power flows. Therefore, the current

—ZA —ZA
references to command v',4, and v 5, are redefined as follows:

—-3A —>YA -¥A YA
ivapr = Liagf(@);  iaapr = Loapf(D); v, = Vig(®) (16)
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where f'(f) and g(#) are in phase. What is more, f'(f) =A4; sin 6, + A3
sin 36,, where 6, must be relatively high frequency signal, and g(7)
=sign {f (¥)}. The amplitudes of the constants A, A3 and ¥ are
chosen accordingly to the criteria presented in [12]. These
definitions imply than f (f)g(¢) is mainly dc. Then, (14) and (15)
yield to

-3 A

d —3zA

Cv; “5;"/’ ~ Vol b (17)
*ZAdr
d —3zA

Coi2L o — Vil (18)

In EFM, large voltage oscillations can appear in the floating
capacitors as the input-port frequency get closer to the output-port
frequency. Therefore, additional components of the circulating
currents are considered to mitigate these effects. The circulating
current references are defined considering the next feedforward
components:

—>c 7 - 7¢
—YA —YA —YA —YA (U m(,/;l Sap - Dga/,‘l m ﬂ) 19
Lag = 1iagie + Lagys 1 agy = 6V, w) (19)
- 7 - 7
—-¥A —>3A —YA —>3¥A (U Mapl gap = U gapl ’”a/}) (20)
Loag = Laagic + Laaqps L oaqy = A%
0

Finally, using (19) and (20) in (17) and (18):

¥ Age —>X A
dv >3A Ldv rol
g clap ~ =Vl 1dgics CUC éi{lﬁ ~ =Vl 2dgic (21)

. - A SEA
The EFM control is presented in Fig. 2. Vectors l_;ch,/; and v, ,

regulated using (21). The voltage oscillation are mitigated using

are

—2A —>XA
the feedforward components I 4, s and I .4, . The outputs of the
external CCV control loops is multiplied by f(r) and the common-
mode voltage is imposed as (16).

3.1.3 Control of Bfoﬂ and Bﬁaﬂ: Vector Bgf can be rewritten as

—af - 7 - j26), - XA —EA
*dl)% o (Umdqlmdq)e " _ (ngql 1dg + Ugququ) (22)

TN V3

C

=0 .
Analogously, v, is expressed as:

d;.o - 7 ) _jzé}g -~  ZZA + - XA
o Veos —(Vgy, 1 54)® + Oyt 1dg + Vmy,iadg) (23)
ST 32 V3
Being
—IA  =ZAs g —EA L —EAs g
es JOy.  TEA j
ligpy= 11dgy €% loapy = l2dg, € " (24)

In EFM, the voltage oscillations in Bz’f and Bﬁaﬁ are inside an
acceptable range and they can be filtered by the capacitors.
Therefore, just the average components of the vectors T)Zf d, Uﬂfjﬁ
regulated using circulating current references inphase with the
input-port and the output-port angles:

are

e T, T B B e
Coi—S0_ . _ 84 1dgy | «Ucqp o Umag”2dgy (25)
Cc

d — ﬁ e < ﬁ

The proposed control strategy is presented in Fig. 3. The dc

components of the vector 53’0/’

flow in phase with the grid angle 6,. The same effect is achieved

are regulated to zero using a power
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Circulating Currents Control
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Fig. 2 Proposed CCV vector control strategy
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Fig. 3 Proposed control ofﬁgg and Bgaﬂ
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the grid angle 6,,,.
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3.2 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 conventional dg
control systems implemented in dg coordinates:

d
- -
Omd 1 |va0o| L.d]|de "ima
= 4=l 26
[”mq] V3 [Uqﬂ] 3 dr o 4 imq] 2
moode
4
Vgd 1 (va| L.d|ds 81liga
o 27
[qu] V3 [”Oq] 3 dt ® d ligq @7
s dt

The voltage references obtained in (26) and (27) are rotated back to
double 80 coordinates resulting in v,o—vgy for the inputport, and
voa—vop for the output port. These references are sent to the single-
cell control as shown in Fig. 2.

3.3 Single-cell control

The control systems presented in the previous subsections yield to
a voltage reference for each cluster in af0? coordinates. These
references are transformed back to the natural reference frame,
using the inverse ¢f0? Transformation, to obtain a voltage
reference for each cluster in abc-rst coordinates. At this point,
additional control loops are used to regulate at the same voltage
level all the capacitor voltages within the same cluster. More
details about the single-cell control and modulation techniques can
be found in [13].

4 Simulation results

A 10 MW M3C has been implemented in PLECS software to
validate the theoretical work proposed in this paper. The simulated
M?3C has a nominal power of 10 MW and it features seven power
cells per cluster. Each power cell capacitor operates at 2 kV with a
capacitance of 7 mF. The outputport is connected to a 6.6 kV 50 Hz
ac system, whereas the input port is connected to 5.6 kV variable
frequency ac system.

Results for EFM operation are presented in Figs. 4 and 5. The
input-port frequency f,, is 46 Hz and it is increased until it reaches
50 Hz, as shown in Fig. 4a. The proposed mitigation method is
applied as proposed in Fig. 2. Accordingly, the oscillations in Bczﬁﬂ

are mitigated using the power terms produced by the circulating
current and the common-mode voltage. For this test, the common-
mode voltage is selected to have an amplitude of 2.5kV and a
fundamental frequency of 120 Hz.
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Fig. 6 Downscaled laboratory prototype

The CCVs are successfully regulated to 14 kV, as shown in
Fig. 4a. The vectors ng and Bﬂﬂﬂ are presented in Fig. 4b, whereas

—TA —~yA -
vectors v, and uczw are presented in Fig. 4¢. The four vectors are

properly regulated to zero and the voltage oscillations are not
increased as f,, gets closer to f,. The active and reactive powers are
presented in Fig. 4d. Figs. 5a and b show 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 common-mode voltage of Fig. 5c¢ is being synthesised
to generate manipulable power flows that allow to mitigate the
voltage oscillations produced by in EFM.

5 Experimental results

Experimental results have been obtained using an M3C prototype
equipped with 27 cells. A photography of the prototype is shown in
Fig. 6. The M3C comprises a power stage and a control platform.
The power stage of the M>C prototype is composed of nine clusters
based on the series connection of three full-H-bridge cells and one
inductor. The converter has 27 full-bridge cells connected to a
floating capacitor of 4.7 mF. The input and output ports have been
connected to Ametek programmable power sources, Model
CSWS5550 and Model MX45, respectively. The control platform
comprises a digital signal processor Texas Instrument board, three
field programmable gate array boards, and external boards to
provide analogue—digital conversion and computer communication.

In this test, both port frequencies are set to 50 Hz. The
common-mode voltage is defined using (16), considering a peak
amplitude of 30 V and 120 Hz (fundamental frequency). Moreover,
the input-port is set to operate with P,=4 kW and Q,,=0. The
output-port is set with P, =4 kW and 0,, =0 KVAr.

The 27 capacitor voltages are properly controlled to the desired

. i, ~FA —TA —ap
value (v; = 150 V) as shown in Fig. 7a. Vectors vg;, 2 Veaap Uco > Ve
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voltage waveforms, (e) Oscilloscope output-port current waveform

and Bﬂaﬁ are illustrated in Figs. 7b and c, respectively. For this test,
CCV vectors are effectively regulated to zero keeping the ripple
below a+ 5 V band.

Oscilloscope waveforms of the voltages and currents of the
M3C are presented. From top to bottom, Fig. 7d shows one of the
capacitor voltages of the M3C Ve, the cluster voltage v, and the
input-output ports voltages v,,, (purple line) and v, (blue line).

Finally, Fig. 7e shows the grid currents which have a peak
amplitude of 14 A.

6 Conclusion

This paper proposes vector control strategies to enable the
operation of the M3C in EFM. These strategies are based on the ZA
double-af0 coordinates representation of the converter, considering
the use of the circulating currents and common-mode voltage to
mitigate the voltage oscillations in the floating capacitors of the
converter.

The proposed control strategies have been discussed and tested
through simulations and experiments, which have been conducted
using an M3C equipped with 27 cells. For all tests, the regulation of
the input and output ports and the control of the oscillations in the
floating capacitor voltages have presented accurate performance.
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