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Abstract

This paper presents a transformed arm power analysis of the Modular Multilevel Matrix Converter
(M3C). It enables the ener%y balancing in the whole frequency range for high power variable-speed
drive applications. Four balancing directions are identified for the active power exchange between the
converter arms with minimal internal currents. At critical operating points a zero sequence voltage is
used. Additionally, the reactive power components can be used to perform a real time calculation of
the energy pulsation in all four balancing directions to improve the control performance. A low voltage
prototype with 5 cells in each of the nine arms has been realized to verify the theoretical analysis.

Introduction

The investigated Modular Multilevel Matrix Converter (M3C) is shown in Fig. 1. It performs a direct
three-phase AC to AC voltage conversion. For example it is suitable for high power variable-speed drive
applications with low nominal frequencies. The M3C can be used to replace line commuted cyclocon-
verters in the future due to its modular and scalable structure as well as its high voltage qualit%/ on the
input and output side which avoids filters. For applications with nominal frequencies greater than grid
frequency it is also a advantageous choice in the medium voltage range due to the fact that the effec-
tive switching frequency for the semiconductors in the M3C is much lower than the resulting switching
frequency for the input and output side.

Basic research of the M3C without arm inductors has been presented in [1, 2] together with correspond-
ing space vector control schemes. There, the converter arms work as controllable voltage sources which
implies that exactly five of the nine converter arms must conduct arm currents at the same time to avoid
short circuits at the input or the output side. The results obtained by these methods are difficult to imple-
ment in a M3C with a higher number N of cells per arm due to the very high number of switching states,
which must be computed and selected in real time. An additional problem is the current commutation
between converter arms which causes high-current peaks, even in small prototypes with N = 1 cell per
arm [2]. These current peaks must be limited by additional arm inductors.

Further improvements, using nine arm inductors and corresponding open-loop or cascaded feedback
control methods are presented in [3, 4, 5, 6]. Here the M3C converter arms work as controllable current
sources with continuously flowing arm currents in all nine converter arms. This completely avoids short
circuits between the converter arms.

The M3C with three-phase coupled z-winding arm inductors L (Fig. 1) was first presented in [7]. A
cascaded vector control scheme was introduced to balance the nine arm energies which are represented



structure of one

- L i subconverter 1 subconverter 2 subconverter 3 .
el converter arm

< [k Pk B

it

uj

| ==

U3

S
=
[ )
h
s
-—
uzy
-—
Uz
-—
U3

(S
IE
cell 13N cell 132 cell 131
Q
[
< L}
Ll.g_

< input

urz currents = o o~ = /
K. @( & @( ;' @( lg bypass switch /3
. = energy control
armcurrentsi .S ¢ Sy -2 y < balancing control
.! . . .! . -!L-! o directions:
I al il a2 il a3 'l II
L] L] L]
.
_outputcurrents .Sy __ Hal2 Sy Ua2s 3y
oltage loop 11 :
voltag p 11 L, L, L/
AC machine

Ra R, R,
zero sequence internal diagonal
component U lu” Ug> lu[z Ug3 l u;3 currents 1 and 2:

Uy Ky Lalo Taip, Lazes Ld2p

three phase

.
z-winding o
arm inductor L-

-

Figure 1: Modular Multilevel Matrix Converter (M3C) with coupled three-phase z-winding arm inductors L. The
M3C converter arms consist of N series connected H-bridges with a DC-capacitor Cy;.

by the sum of the capacitor voltages in the nine converter arms. A modulator selects the cells bein
switched on to apply the arm voltage reference values. This is done based on a sorting algorithm whic
balances the cell capacitor voltages inside of each converter arm. The cascaded vector control scheme
from [7] was extended in [8] with additional transformation steps to separate input, output and internal
currents. [9] gives a detailed description of the z-winding arm inductor L which allows considerable
savings of core and winding material compared to nine individual arm inductors. This is possible due to
the fact that the output currents i,1, i,7, i;3 do not produce any flux inside the inductor core. As a result,
the M3C converter arms work as controllable voltage sources to feed the AC machine and as controllable
current sources for the input and the internal currents. The advantages of using the M3C to feed the rotor
winding of a doubly fed induction generator (DFIG) is shown in [10]. This variable speed generator
system consisting of the M3C and the DFIG improves the dynamic behavior and can increase the part
load efficiency of power plants compared to grid-connected synchronous generators.

[11] shows an alternative vector control scheme and a method to reduce the energy pulsation at very low
output frequencies using a phase modulation of the reference values for the internal currents instead of
a amplitude modulation [6]. [12] shows a method to reduce the energy pulsation in the case that the
input and the output frequency are similar. [11] calculates transformed power components which can be
used to design the balancing control of the M3C. Experimental results with N = 4 cells per arm showing
steady-state operation of the M3C are given in [11, 12, 13].

In this paper, a transformed arm power analysis of the M3C based on the transformed vector control
scheme in [8] and the circuit and power analysis given in [7] and [9] will be introduced, having the
following advantages:

e The transformation allows an easier identification of the relevant current and voltage components
which generate active power components for the energy balancing in four different directions
(Fig.1). Unnecessary current stress on the converter arms can be avoided by using only the mini-
mally necessary internal currents.

e Especially, if the absolute input and output frequencies are equal, specific active power components
must be compensated. [12] presents a method using internal currents without any zero sequence
voltage, which allows the operation under certain constraints. Here, the method is extended by us-
ing the zero sequence voltage as an additional degree of freedom, allowing an expanded operating
range and a stationary operation at the same absolute frequency.

e The reactive power components are separated into their different frequencies. This allows an easier
online computation of the enerFy pulsation. The dynamic behavior is improved by avoiding filters
in the feedback paths of the balancing control.

e The cascaded control system can be directly derived based on the transformed power analysis.



1 Structure and fundamentals of the M3C

The overall system including the three-phase AC grid, the Modular Multilevel Matrix Converter (M3C)
and the three-phase machine is shown in Fig. 1. The M3C consists of three subconverters, each of them
connects the three input phases via three converter arms and the three phase z-winding arm inductor L
to one output phase. As can be seen from Fig. 1, the converter arms are modeled as controllable voltage
sources and consist of N series connected cells. They are realized as H-bridges with a capacitor Cy,, (x =
input phase number, y = output phase number, x,y € {1,2,3}, z = cell number, z € {N|1 <z <N}). By
switching the cells, each arm is able to generate an adjustable arm voltage u,, with 2N + 1 voltage steps.
The specific voltage range of the arms involving at least one cell with pulse width modulation (PWM)
[7] is:
N N
—UCxy = — UCxyz < Uxy < UCxy = Z UCxyz (D
z=1 z=1
Ucyy is the arm capacitor voltage which is equal to the sum of all cell capacitor voltages uc,y, in the arm
xy. The arm capacitor voltages ucy, can be split into a constant average value u¢c corresponding to the
mean capacitor energy wc stored in the converter arms and a time-variant part ficy, which depends on the
actual arm power py,:

- _ N _
UCxy = UCxy T UC R Cx} e /nydl‘ +uc 2
2

To maintain a constant average arm capacitor voltage uc, the control system has to ensure that the average
arm power p,, is zero for all nine converter arms.

The Scalability of the M3C in the voltage and power range is fully provided. With a higher number N of
cells per arm, a higher arm voltage u,, and therefore a higher power can be achieved. The operation of
the M3C continues in case of component failures with a reduced output voltage u,, by short-circuiting

failed cells with a bypass switch (Fig. 1). Additional redundancy cells can be installed in cases where
the output voltage reduction is not permitted after cell failures.

1.1 Transformed equivalent circuit analysis of the M3C

In this Section, the M3C is analyzed to calculate the transformed equivalent circuits for the independent
current control of input, output and internal diagonal currents. Additionally, the composition of the arm
voltages and currents is calculated for the arm power analysis in Section 2.

The Kirchhoff’s voltage law for each of the three subconverters y € {1,2,3} is given by (Fig. 1):

uri d lel Uy d ily Uqay Uo
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The dashed blue line in Fig. 1 is equal to the first row of (3) for subconverter 1 and illustrates the voltage
loop 11. The amplitude invariant of0-transformation matrix Cego (4) allows to calculate orthogonal

op-components and the independent zero sequence component 0 of three time variant values, e.q. three
currents or three voltages.
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This fact is used to transform the voltage loops into the af}-components and the independent zero se-
quence component O from (3) for each of the three subconverters:

ULo d lea, Uay d l:(x)’ 0 0
— |up +Le-a lep | + | Upy +L-E i +(0[+]|0]| =0 ye{l,2,3} (5
0 0 uoy ioy = %‘ ~0 Ugy U
The third row of (5) contains the zero sequence components consisting of the output voltages u,, and the
zero sequence voltage u,. The output currents i,, can be calculated by applying Kirchhoff’s current law
to the output connection points K,y (y € {1,2,3}) (Fig. 1):

iay:ily+i2y+i3y:3'i0y y€{17273} (6)



Here each converter arm delivers the zero sequence current ip, which is equal to one third of the phase
output current isy. By using the coupled three phase z-winding arm inductors L the output currents i,y
only produce a small stray flux in the inductor cores, hence the voltages L - %ioy =L- % %’ ~0[9].

The second transformation step using the matrix Copo (4) is applied line by line to (5). The transformation
of the three ay-components, the three fy-components and the three Oy-components results in:

d 0 d loo 0 Uoa,
| Leat | Lla0 = l‘?‘x ULa U0
a [0 a| e 01 [Ua
Lo O AL | e | =] 0| — |upp ®
Liep. Ligo = 5 urp o
d [ iao, 0 laol Uijo, Uoq,
L, o g |+ |0 =—Ra| iap | — |uwip| — |Uop 9
Lioo =0 Uuo ioo =0 0 Uoo

The input currents i.q and i, can be calculated by applying Kirchhoff’s current law to the input con-
nection points K,, (x € {1,2,3}). After the two transformation steps they can be expressed by their
of-components:

leq = o1 + a2 +i03 = 3+ ig0 lep = ip1 +ip2+ip3 =3-ipo (10)

Each converter arm sinks the zero sequence currents iqo, igo Which are equal to one third of the input
currents ieq, i,g. The third line of (7) and (8) leads to the corresponding equivalent circuits for the input
currents ieq, i,p (Fig. 2a)). They are orientated vertical in the M3C (Fig. 1). The first and second line of
(9) leads to the equivalent circuits for the horizontal orientated (Fig. 1) output currents iyq.i.g (Fig. 2b)).

The third line contains the zero sequence circuit (Fig. 2c)). The points K. and K, are not connected,
hence the zero sequence current is igg = 0 and the circuit remains open. The first and second line of
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Figure 2: a) Equivalent circuit for the input currents i,q /g, b) Equivalent circuit for the output currents i,q /g ©)
Equivalent circuit for the zero sequence voltage 1y d) Equivalent circuit for the internal diagonal currents iy /24,8
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(7) and (8) represent the equivalent circuits for the internal currents iqq, iog, igo and igg. These currents
sum up to zero at the points K, and K, and do not have any influence to the input or the output side

of the M3C. They are used for energy balancing or reducing the energy pulsation in the converter arms
[8, 11]. Otherwise, they are controlled to zero. To obtain a geometrical orientation of the four currents,
the diagonal transformation matrix Cp is introduced:

ld1o laor Udia Uqa, +% 01 01 —|—%
laip| _ o | lap uaip | _ oo | Uap che |0 3 =3 0 "
id20 P o | Ud2o, P ugg | P+l 0 0 ) (ah
i ipg tanp ugp 0 +3 +3 0

Applying (11) to the first and second line of (7) and (8) results in two orthogonal systems expressed by
their o-components:

Idlo, Udlo

d |iqp Ugip
L-—|° =_ 12
dt |igo Udda (12)

LB Uaop



The corresponding equivalent circuits are shown in Fig. 2d) and they are orientated in diagonal 1 and
diagonal 2 direction, see Fig. 1.

As aresult, the transformation performs a calculation of nine equivalent circuits (Fig.2) with their corre-
sponding voltage and current components. This allows the independent design and tuning of the current
controllers for the input currents Z.4/g, the output currents i,y /g and the diagonal currents iy /2¢,/p [8]-
The transformed arm voltage reference values, calculated by the eight current controllers, and the zero
sequence voltage must be transformed back stepwise using the inverse matrices Cp, Vand C o_cﬁlo to obtain
the arm voltages u,, which must be applied to the nine converter arms:

loa idlo Ugr Udlo +1 0 +1 O

lag| _ o1, |la1p UoB | _ o1, [Ha1B c-l 0 +1 0 +1 3
Iy b Vg Upo, D g | b 0 -1 0 +1 (13)
ipp laop upp Ugop 1 0 -1 0

I i uy Uy +1 Of +1

| =Ch - i —c! 1 _ |1 3

21 =Capo” |B] > | =Copo |Up | > wo= |72 T% +l1 (14)
i3 iO usz uo _% _g +1

For example, the resulting arm voltage u;; consists of the following transformed voltage components:
Ul = o0 + Udio + Udza + oo + (15)

Due to their low values, the voltages applied to the input inductor L, and the arm inductors L are neglected
for the following analysis. Hence the arm voltage u;; can be approximated to:

Uil =~ Urg — — (16)

The resulting arm current i;; consists of the following transformed current components:

. i . .

i = %a-i- +idia + ld2o (17)
As result of the transformed circuit analysis it can be seen that the M3C arm currents i,, and arm voltages
Uyy can be described as four superposed orthogonal systems expressed by their respective o3-components

and one zero sequence component. Each AC system is orientated to one of the four directions shown in
Fig. 1 and marked with the respective color. Note that some of the systems can be zero, e.q. the zero
sequence current ig.

2 Transformed arm power analysis

In this Section, each arm power p,, is transformed and analyzed. This allows to identify the transformed

arm current and voltage components to generate active power components for the energy and balancing
control. Additionally, the reactive power components can be identified for the dimensioning of the cell
capacitors Cy,,. The reactive power components are also needed for the real time calculation of the

voltage pulsation fic,,. This improves the balancing control performance by avoiding low-pass filters in
the feedback paths of the balancing control.

The instantaneous arm power p,, of the M3C can be calculated with the arm voltage u,, and the arm
current iyy:

Pxy = Uxy  Ixy (18)

For example, the calculation of the arm power p;; using (16) and (17) results in:

} i ) )
pii=ur-in ~ (Upg — oo — )(%Oc + — +igia+ i) (19)

Equation (19) shows that the independent superposed voltage and current systems are coupled via the
resulting arm power. Calculating the other converter arms shows that the resulting arm power equations
are complex to analyze systematically. To simplify the analysis, the arm power is transformed in the



same way as the currents and voltages. This leads to four independent orthogonal systems and a zero
sequence component. Here the transformation matrix Cypg (4) is used to transform the arm power p,y of

the three subconverters:

Pal P11 Pa2 P12 Pa3 P13
pp1| =Copo- | P21, pe2| =Capo- |P22] P3| =Copo- [ P23 (20)
Po1 P31 Po2 P32 Po3 P33

The second transformation step transforms (20) line by line using Cogo:

Poa Pol PBa PB1 Po1
Pop| =Capo- | Po2 | s ppp| =Copo- |Pp2]| s = Copo- | P02 (21)
Po0 Po3 Ppo PB3 Po3

In the third step the diagonal transformation matrix Cp (11) is used:

Pdla Paa
pdlB :CD' pocB (22)
Pd2o. PBa
Pa2p Ppp

The resulting transformed arm power components are shown in Table I. They correspond to the four
balancing directions of Fig. 1 and influence the nine arm capacitor voltages ucy, according to (2). They

can be expressed by nine transformed values after applying the transformation steps from (20) - (22) to
the nine arm capacitor voltages ucyy.

Table I: Transformed arm capacitor voltages influenced by the transformed arm power components

transformed arm power 2) transformed arm capacitor voltage
average arm power | = average arm capacitor voltage
Po0s PO vertical arm power = | Uco0, UCBO vertical arm capacitor voltage
horizontal arm power | = horizontal arm capacitor voltage
Pdias Pa1p | diagonal 1 arm power | = | ucqio, Ucq1p | diagonal 1 arm capacitor voltage
Pd2as Paop | diagonal 2 arm power | = | ucaoo, Ucqsop | diagonal 2 arm capacitor voltage

After replacing the arm voltages u,, and currents iy, by their transformed components, the voltage and

current pairs for the power generation in each direction can be identified. To simplify the following
analysis, sinusoidal voltages and currents are assumed. The Cartesian components of the input currents
leas Lep and voltages upq, urg are expressed by their polar coordinates:

ure = Up-cos(Ye) iea =1, - cos(Ye + @e)

L . N (23)
urg = UL-sin(Ye)  iep = Lo~ sin(Ye + @c)

Uy and I, are the amplitudes of the input voltages and currents, 7, is the phase angle of the three-phase
voltage and @, is the phase shift between the input voltage and current. The output currents iy, i, and

voltages uqq, Ugp can be expressed in the same manner by their polar coordinates:
(24)

U, and I, are the amplitudes of the output voltages and currents, Y, is the phase angle of the three-phase
voltage with a initial phase shift 4,9 between the input and output voltage system and @, is the phase
shift between the output voltage and current. The internal diagonal currents i1, ig1g> id20» ia2p dO nOt
influence the input or the output side of the M3C. They are degrees of freedom and can be expressed by
their polar coordinates:

idia= L1 -cos(Ya1)  igra= Laa - cos(Yao)

a1p=lan - si o= Lo - si (25)
igip=La1 -sin(Ya1)  igop= La2 - sin(Ya2)



Table II: Transformed arm power component generation overview with the resulting phase angles. Symbols:
¥ = sum angle component, A = difference angle component, () = positive sequence, () = negative sequence

[line | u | i | | paosPpo | Pdias Paip | Pd2as Pazp ]
1 UrO | /30 YO
Ye Ye + (pe 2’Y€ + (pe
2 L/3 0O AO YO
Ye + (Pe Ya - 'Y() - (pe Ya + YE + (Pe
3 Ur©o AO YO
Ye Ya + (pa - ’Y() Ya JF (Pa JF Ye
4
5 Up O I O AO
Ye Ya1 Ya1 — Ye
6 Iy O AO e
Ya1 Ya1 —Ya Ya +Ya1
T |ULO | 1O O
Ye Ya2 Ye +Ya2
8 1 O AO X0
Ya2 Ya2 — Ya Ya + Ya2
9 L/3 0O XO,A0O
Ye + Pe Yu0 + (Ye + (PE)
10
11 1 O 2O,A0
Yai Yuo £ Va1
12 L O XO,A0
Ya2 Yuo £ Ya2

Iz1, I;» represent the amplitudes of the diagonal 1 and 2 current systems. Y41, Y42 are the phase angles of
the diagonal 1 and 2 current systems. Note that the diagonal 1 and 2 current systems can be superposed

by several independent systems with different amplitudes fy;, [;» and phase angles Y1 and yz,.
The zero sequence voltage u is an additional degree of freedom:

(26)

Uy is the amplitude of the zero sequence voltage and v, the phase angle. Again several superposed zero
sequence voltage systems can be used if necessary.

Applying the voltage and currents definitions from (23) - (26) to the transformed arm power components
from Table I results in the power components shown in Table II. Table II is organized as follows:

e The colors of the voltage, current and power components corresponds to the four directions and
the average value of Fig. 1.

e Each line contains in column 2 the corresponding voltage amplitude and phase angle according to
(23), (24), (26). The rotational direction are defined as positive sequence and symbolized with O.

e Each line contains in column 3 the corresponding current amplitude and phase angle according to
(23) - (25). The rotational direction are defined as positive sequence and symbolized with O.

e Column 4 contain the average power components of Fig. 1. Line 1 corresponds to the arm input
power generated by the input voltage and current with the phase shift @.. Line 4 corresponds to
the arm output power generated by the output voltage and current with the phase shift @,,.

e The Columns 5 - 8 contain the resulting power components for the four directions of Fig. 1. They
can be interpreted as power space vectors with an amplitude and phase angle. Here each voltage
current pair generates two power components located at different directions and containing the
sum and the difference of the ghase angles from the voltage and current.

e The power component with the sum angle is marked with £ and the power component with the
difference angle is marked with A. The rotational directions can be a positive sequence symbolized
with O or a negative sequence symbolized with (). The amplitudes of the power components
can be calculated for each line by multiplying the corresponding voltage and current amplitudes:

an be ¢
=101



The following observations can be made from Table II:

A minimum of eight power components occurs by applying only input i, and output i, currents (line 1
- 4). With vy, = @, -t (®,: input angular frequency, ¢: time) and 'y, = 0, - + Y,0 (®,: output angular
frequency, Y,0: initial phase angle between the input and the output voltage), the active input and output
power components influences pgy and thereby ucgp (column 4). To maintain a constant average arm
capacitor voltage ucyy, all poo components must sum up to zero. The six reactive power components are
separated into the angular frequencies 2®,, 20,, ®, — ®, and ®, + ®,. Each of them is located to one
of the four directions. They must be buffered in the cell capacitors Cy,, and cause voltage pulsations in
their respective directions. This pulsations can be calculated in real time by using the primitives of the
reactive power terms. With this information, a separation of the DC components and the AC components
can be done very fast and without any filters in the feedback paths of the balancing controllers. During a
stationary operation of the M3C with |®,| # |®,|, no active power component occur in the four directions,
hence no balancing is necessary. For an operation at the same angular frequency ®, = ®,, the reactive
power components pgia, Pq1p in diagonal 1 direction (line 2 and 3) changes to active power components

which must be compensated to zero to ensure a symmetrical operation. The same occurs for a operation
at the same absolute angular frequency ®, = —®, with the power components pgaa, Pg2p in diagonal 2

direction (line 2 and 3). The solution of this problem is shown in Section 3.
The internal diagonal 1 and 2 currents iy, iz can be used to generate eight power components with the
input voltage u; and the output voltage u, (line 5 - 8). By a proper selection of the current phase angles

Y1 and Yz2 and amplitudes 1,1, 142, active power components for the balancing control and reactive power
components for a reduction of the energy pulsation can be generated in each of the four directions.
Additionally, the zero sequence voltage uy with the phase angle v, can be used to generate power com-
ponents in all four balancing directions (line 9 - 12). The zero sequence voltage up generates power
components with all four currents, for this reason it should be used only if necessary to avoid additional
reactive power components which must be buffered by the cell capacitors.

3 Operation with equal input and output frequency

For the M3C operation at the same absolute angular frequency |®,| = ®,, the reactive power components
from line 2 and 3 Table II in diagonal 1 or diagonal 2 direction change to active power components.
Hence they must be compensated to allow a stable operation of the M3C. As an attempt to solve this
problem Kawamura et al. presented a solution for diagonal 1 direction using an adjustment of the input
current phase angle ¢, = —@, by applying reactive power at the input side for ®, = ®, [12]. Experimental
results shows a successful S0Hz — 48Hz conversion and compensation of the reactive power with ®, —
0, = 2Hz. In this paper, the solution is extended for an operation at the same absolute angular frequency
0, = —®,. Additionally, an alternative balancing method using the zero sequence voltage ug is presented.
Table III shows the possibilities to compensate t%e diagonal 1 power components pgiq, paip for 0, = @,.

Line 2 and 3 contain the power components which must be compensated. This can be done by using
two superposed internal diagonal currents igp 1 and igp > with the phase angles shown in line 7 and 8.
Additionally, it is necessary to adjust the input phase angle ¢, = —@, by applying reactive power at
the input side to achieve a full compensation [12]. Alternatively line 11 can %/e used in cases there
the reactive power at the input side is not allowed. Here a zero sequence voltage uy with phase angle

Table III: Compensation of the power components for ®, = ®,, line 7 and 8: Solution presented by Kawamura et
al. using i [12], line 11: Solution presented in this paper using iy and ug.

| line Table Il | u | i | paies paip (d1) | Comment
2 L/3 0O AO unwanted power
Ye + Qe Yra11 =Ya —Ye — Pe component
3 Uro AO unwanted power
Ye Yrd1,2 = Ya+ Qa —Ye compoment
7 UL O lppo O Q) Compensates line 3
Ye ~Ye+Yra12 | Yra12 = Yo+ Pu—Ye | Pe = —@, required [12]
8 Iy O YO Compensates line 2
—Ya —YpPa1.1 | YPd1.1 =Ya—Ye — Qe | Pe = —@, required [12]
11 I O LO,AD Compensates line 2
in,,Ao +Ypa1,1 | Yra1,1 = Ya —Ye — Pe
11 112 O YXO,A0 Compensates line 3
Yo +YPa12 | Yrd12 = Ya+ @a—Ye




Yuo = Oy -1 # O, -1 (0,0: zero sequence voltage angular frequency) is applied. Then two independent
internal diagonal currents ig1 1 and ig1 » are modulated according to line 11 to achieve the compensation

without any reactive power.
Applying the same rules for ®, ~ —®, results in Table IV. Here only the diagonal currents are changed,
but the compensation works similar to Table III. Internal diagonal currents i;1 1 and igzq > can be used

with the phase angles shown in line 5 and 6. Additionally, it is necessary to adjust the input phase angle
. = @, by applying reactive power at the input side to achieve a full compensation. This is an extension
of the method presented in[12] for negative output angular frequencies. Line 12 presents the solution

with a zero sequence voltage ug together with two superposed internal diagonal currents IAdz,l and fdz,z.

Table IV: Compensation of the power components for ®, ~ —®,, line 5 and 6: Solution using i;, line 12: Solution
presented in this paper using i and ug.

line Table II ‘ u ‘ i ‘ Pd2as Pazp (d2) ‘ Comment
2 L/30 Q) unwanted power
Ye + @ Yra2,1 = Ya +Ye + Qe component
3 Uro X0 unwanted power
Ye Yra22 = Ya+ Qa +Ye component
5 UL O lirp O AO Compensates line 3
Ye Ye +YPa22 | YPa22 =Ya+Pa+Ye | P = @, required
6 ly1,1 O O Compensates line 2
~Ya —Yra2,1 | YPa2 ) =Yat+Ye+ Qe | @ = Q4 required
12 ling O YO,AO Compensates line 2
TYu0 +YPa2,1 | YPa2,1 = Yo+ Ye + Qe
12 Ly O 2O,A0 Compensates line 3
tYuo +YPa22 | YPa22 = Ya+ Qo +Ye

With the solution of this paper, a |®,| &~ ®, operation of the M3C is possible under all (!) circumstances.
The additional voltage margin for the zero sequence voltage up and the additional currents stress for
the internal currents must be considered in the dimensioning. Otherwise the output power capability is
limited in this operation points.

4 Experimental results

To demonstrate the performance of the M3C, a low voltage laboratory prototype was built up with N =5
cells per arm. The control method from [8] was extended with the feed forward calculation of the
compensation currents from Table III and IV. The balancing current or voltage for each of the four
directions was selected based on Table II under consideration of the unwanted coupling effect which

occurs for |®,| ~ ®,. Here line 11 and 12 are used for the diagonal balancing control using a zero
sequence voltage of Uy = 100V with an angular frequency of ® = 100Hz. Fig. 3 shows the measurement
results for a 50Hz/50Hz conversion. All nine arm capacitor voltages ucy, are balanced and the average
value ucgp = 600V is constant. Hence the average values of the transformed arm capacitor voltages in
the four directions are zero. The input voltage amplitude is U/, = 285V and the output voltage amplitude

is U, = 200V and the power P, = 4kW is transferred to a resistive load. Therefore a successful and stable
operation of the M3C is shown for the most critical operation point.

5 Conclusion

In this paper, the transformed arm power analysis of the Modular Multilevel Matrix Converter (M3C) is
introduced. It allows an easier design of the current control and the energy balancing of all nine converter
arms. Furthermore, the necessary internal currents and zero sequence voltage for the operation with equal
input and output frequency are calculated. Measurements on a low voltage laboratory prototype show
the control performance for this operation point. With the method of this paper, the M3C 1s able to
work in the whole frequency range for grid or motor drive applications. The operating range includes
equal frequencies on the input and the output side as well as any combinations of positive and negative
sequence three phase systems.
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