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Abstract

The Modular Multilevel Matrix Converter (M3C) is a new topology which extends the Modular
Multilevel Converter (M2C) family for converters to low speed drive applications. The energy
pulsation and therefore the amount of the installed capacitance is very important for the design
of such a converter. This paper presents a method to estimate the required amount of capac-
itance for a given application. Additionally, the design of a newly proposed coupled z-winding
arm inductor is explained. It is verified that the use of this inductor allows considerable savings
of core and coil material.
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Figure 1: Modular Multilevel Matrix Converter (M3C) with coupled three-phase z-winding arm
inductors L

1 Introduction

The Modular Multilevel Matrix Converter shown in fig. 1 has been presented in 2001 without the
arm inductors L [1]. [2] and [3] present control principles based on the space vector modulation
which are difficult to implement in a M3C with more than one cell per arm. In [4] conventional
arm inductors are added and a feedforward control is implemented, which is extended in [5] with
a DC-circulating current balancing control. The system works in steady state, but the dynamic



behaviour is not clear. [6] presents design principles and the control of the M3C for high power
low speed drives. The control principles are based on the power balance and include a method
to reduce the installed amount of capacitance. In [7] a cascaded feedback control system with
inner arm current controllers and superimposed capacitor voltage controllers is presented. The
operation at steady state is shown, but the dynamic behavior is not clear. In [8] the coupled
z-winding arm inductors (fig. 1) are presented together with a cascaded vector control scheme.
This control scheme allows the independent input and output current control and the complete
equalization of the energy stored in the converter arms with an average, horizontal and vertical
balancing control. The stable operation is verified even under dynamic changes of the operation
point.

1.1 Voltages and currents in one subconverter
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Figure 2: Subconverter with coupled three-phase z-winding arm inductors L

The M3C (see fig. 1) analyzed in this paper consists of 3 identical subconverters with 3 con-
verter arms and a coupled z-winding arm inductor L (fig. 2). Each converter arm connects one
input phase via the three-phase z-winding arm inductor L with one output phase. It consists
of N series-connected cells which are built as an H-bridge with a DC-capacitor. The detailed
relations of currents and voltages inside of a subconverter are derivated in [8] and given here
for steady state operation. The arm currents i1, i21, 31 contain the following components:

A

i11 = fel 4 lal _ = cos(wet + pe) + — - cos(wat + ¥ + ©a)
3 3 3 3
o2 | Ga1 2 I
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e and ¢, are the phase angles of the currents to the related voltages and + is the initial phase
angle between the input and output voltage system. Note that the arm currents can contain also
internal currents i; which are used for the energy balancing and energy pulsation reduction.
The arm voltages which are generated by the converter arms without the consideration of the



Table 1: power components in converter arm 11

Component power components
+1U. 1. - cos(¢.) active input power
+10. - I, - cos(2wet + pe) reactive power with 2f,
10, Aa - c05(pa) active output power
—10, - I, - cos(2wat + 27 + pa) reactive power with 2,
—1—%17 [o[cos((we — wa)t — — pa) — cos((we — wa)t — v + @e)] | reactive power with f, — f,
+10, - I[cos((we + wa)t + 7 + a) — cos((we + wa)t + 7 + @e)] | reactive power with f. + f,

inductor voltages are defined as:

A

U] = Uel — Uq1 = U - cos(wet) — U, - cos(wqat + )

N 2T N
U21 = Uea — Uql = U - cos(wet — ?) Ug - cos(wqt + 7) 2)
4 .
U3 = Ues — Ugy = U, - - cos(wet — ?ﬂ) U, - cos(wgt + )

Using (1) and (2) the instantaneous arm power can be calculated:
P11 = w11 411 P21 = u21 121 P31 = u31 - 131 (3)

Table 1 shows the different power components of the converter arm 11. The other converter
arms have similar power components, only the phase angles of the reactive power components
are different. The active power components must sum up to zero to maintain the DC-capacitors
of the converter arms at a given reference voltage. The input current amplitude 1. can be
calculated depending on the desired M3C output voltage U, and current amplitude I, (which
also defines the M3C output power P, = 3-U, I, - cos(p,)) and using k = “s which is the
voltage relation between the input and output voltage amplitude: )

U, -1, - cos(pe) —

A

Uy -1, - cos(p,) =>I.=k-I,
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2 Estimation of the energy pulsation in the converter arms

The energy pulsation p;; of one converter arm 11 which has to be buffered by the arm capaci-
tance can be calculated using the reactive power terms from table 1:

P,
pi = -2 et + e — - cos(20wet + 27 + @a
P11 9 [—1—608“06)008( wet + ©e) cos(oa) cos(2vwet + 2y + pq)
1 1
T 7 N 1—- et_ - ¥Ya) — . 1-— et_ e
+ oo cos((L = Vet =7 n) = s cos((L = o)t =+ ) (9
1
- . 1 ot 0) — . 1 ot .
o oL O 7+ o) = s cos(1+ whut 4+ )

with the frequency transfer ratio v = “=.The upper limit is calculated in order to estimate the
maximum energy pulsation AW, . Due to this, it is secured that the real energy variation can



not extend the calculated limit in steady state operation. AW,,,... is calculated by the sum of the
integration of all different frequency terms from (5) over half a period:
) (=t i)
1—wv| |1+

P, 1 1 1 1 k
9w Lcos(ee) | Tocos(pa)] (‘k cos(ga) | |cos(ee)
(6)
Together with the allowed maximum voltage variation Au. .. the required arm capacitance
C.-m Will be calculated to ([6]):

A mazx
Carm = ks : W (7)

Uc,avg : Auc,maac

AVVmawc =

with the average arm capacitor voltage U. .., and an additional safety factor k£, = 2...3 which
may be used to get the time for the balancing of the energy stored in the M3C.

3 Advantages of the coupled z-winding arm inductor

In this section the amount of material needed for the core and the coils of the three-phase
inductor is calculated for the series connection and the z-winding. Fig. 3 shows the physical
layout of a three-phase inductor with 2 windings per inductor leg.
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Figure 3: Physical layout of a three-phase inductor Figure 4: Equivalent magentic cir-
with 2 windings per inductor leg cuit of the three-phase inductor

3.1 General considerations

Fig. 4 shows the equivalent magnetic circuit of the inductor. The current linkages © = w - are
drawn as voltage sources which generate a corresponding magnetic flux ® depending of the
magnetic conductance A. A depends on the core cross section A; and the equivalent air gap
Iz, which considers also the length on the magnetic flux line in the core material iz.:

Ak Ax
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I+ = i
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We obtain the magnetic flux @ inside of the three inductor core legs depending on the six
current linkages by solving the equations from fig. 4:

2 1 1
(I)u - +§A(®ul + ®u2) _gA(le + 91)2) - *A(@wl + @w2>

3
1 2 1
By =~ A(Ou1 +Ou2) +5A(Ou1 +Ouz) — 5A(Ou1 + Ouz) ©)

1 1 2
(I)w — _gA(Gul + ®u2) _gA(Qvl + 61)2) + gA(@wl + @wQ)

In case of
(-)ul +@u2+@v1 +@v2+@w1 +@w2 7&0 (10)
a common-mode flux &, is generated which can not flow inside of the inductor core:
3A-Ay 1 3A - A
= = (O, w2t O+ + 0y +6Oy0)=———-0 11
0 3A—|—A03(®1+®2+ 1+ Ou2 + Oyt + Ou2) AT Ay OO (11)

The self-inductance L is defined as relation between the magnetic flux linkage ¥ generated
in the winding w and the current i following through it:
v ow-d w-(30-0) w-(3A-w-i) 5 2

Lp=—= = =w” =A (12)
1 7 7 ) 3

3.2 Series connection of two coils

For the series connection of two coils on one inductor leg the current linkage is defined as:
Oy, =041 +Ou2 =2 wR iy
O, =041 + Op2 =2-WR Iyl (13)
O =0y1 +Ou2 =2 -WR iyl

wg is the number of turns per winding. The magnetic flux is calculated to:

2 ) . . )
(I)u = gAwR(+2Zu1 — 1l — lwl) = QA'wRZul

2
®, = gAwR(_iul + 2iy1 — tw1) = 2AwRin (14)

2 . . . .
(I)w = gAwR(_Zul — 1l — 2Zw1) = 2Aszw1

with i1 + 14,1 + w1 = 0 which is valid for the input currents i, of the subconverter. The magnetic
flux linkage is calculated using the number of turns 2wg:
U, = 4Aw¥kin U, = dAwhiv Uy = 4Awhiy (15)

Finally, the inductance representing the series connection Ly is defined as:

v v v

Tyl Lyl Twl
The common-mode flux linkage ¥, is generated depending on the magnetic conductance Ay
and the output current 4,:

3A-Ag ANy 5 g
D0 gy =4 20 2 e 17
3A+Ag 0T T3A+ A, VB3 (a7
The inductance L g which is valid for the output current i, is calculated to:
Uo 43M-Ag 5, Lp

e 33MA+ A, RT3

\P0:2-wR~

Lpo = (18)



3.3 Connection as z-winding

The six windings can be connected as z-winding. The current linkage of the three inductor legs
are defined as:

Oy =0y1 + Oy =w,- (iul - iwl)
@v :@Ul + @UQ = Wy - (ivl - iul) (19)
®w :@wl + 911)2 = Wz (iwl - iUl)

w, is the number of turns of one winding. The magnetic flux of the inductor legs is calculated
to:

d, = sz (’Lul - iwl)
®, = sz (ivl - Zul) (20)
®, = sz (Z.wl - i'ul)
The magnetic flux linkage is given by:
‘I/uv = Wy - ((I)u - q’v) = w,zA(Zul - Z‘wl - Z.Ul + Zul) = 3Awglu1
U = W, - (By — Do) = W2 A(iy1 — 1 — 1 + iw1) = AW iy (21)
Wy = Wy - ((I)w - (I)u) = ng(iwl — y] — byl + iwl) = 3Awgiwl
with 7,1 + 4,1 + i1 = 0 which is valid for the input currents i.. The inductance for the input
currents of the z-winding L. is calculated to:
VU \J o
Lz: ‘uv: ‘Uw: .wungwQ (22)

z
ul Lyl lwl

The output current i, = iy1 + i1 + i1 does not generate any current linkage:

1 1
@0 = g(e)u + ®’U + @w) = Wy g(zul — Gl + ly1 — Lyl + w1 — ivl) =0 (23)

and therefore no magnetic flux. The inductance for the output currents i, is

3.4 Comparison of series connection and z-winding

To compare the inductance L, = Lg for the input currents i, the number of turns w, and wg, is
compared:

2
L.=Lg 3Aw% = 4Aw% = w, = —-wr ~ 1.155 - wg (25)
V3
The result is that about 15.5% more turns are needed to get the same inductance L. as in the
series connection L.

The currents flowing in the subconverter are defined in (1). For £ = 1 the input and output
currents have the same amplitude. In the z-winding only the input currents can generate a
current linkage (see eq. (19)) and therefore a magnetic flux ® which must be conducted in one
leg of the inductor core with the cross section Ag:

Z.el ieS \/g

P,, = sz : (Zul - iwl) = sz : (7 - 7) = (bz,ma:p = sz : ?

A, 2
3 3 (26)



In contrast using the series connection the input and output currents generate a current linkage
(see eq. (13)) and therefore a magnetic flux @:

’ . 9 .
O r =2A - wWR iyl = 21\-1011;5-(1?1 + 2?1) = (I)R,maac = 2A~U)R~§-Ie (27)
The ratio between (26) and (27) leads to:
@R mazx
9 — —_Lmar 28
(I)z,maa: ( )

Using the same constant magnetic flux density B = % = const inside of the inductor core the
z-winding needs a core with the half cross section:
A
Ae= =" (29)
To sum it up, for the z-winding about 15.5% more turns to get the same inductance L, as in
the series connection Ly are needed, but the core cross section A, and therefore the edge
length of the inductor core is smaller by the factor /2. This leads to smaller diameters of the

windings. In total, only about —2~ ~ 81% of the winding material is needed compared to the

V3V2
series conection using a similar current density. Altogether only half of the core material and
about 81% of the winding material is needed compared to a conventional 3 phase inductor or
conventional arm inductors presented in [4]. Additionally there is no influence of the z-winding

inductor to the output current control which limits the dynamic control performance.

4 Simulation results
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Figure 5: M3C with induction machine

Fig. 5 shows the M3C working together with an induction machine which is planned to use for
the future laboratory prototype. At ¢ = 0s flux generating currents are feed in and at ¢t = 0.1s the



speed reference value is set to n = 500min~!. Att = 0.2s a load torque step with M = 50Nm
is applied. Att = 0.35s the speed reference value is set zu n = —1000min~"!, therefor the
direction of the power flow changes. The control system described in [8] is used and retains
the system stable unter all circumstances.

5 Conclusion

This paper presents a method to estimate the maximum energy pulsation in the converter arms
of the M3C. Additionally, a new three phase z-winding arm inductor L is explained for the M3C
which allows considerable saving of core and coil materials. With this results it is possible to
build a efficient M3C for high power low speed drive applications. Simulation results are used to
verify the stable function and the presented design considerations of the passive components.
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