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Abstract
In drive systems, the semiconductors of conventional converters must be dimensioned for the
maximum torque. This results in a converter oversizing even for short time overload requirements near standstill, e.g. for mills in the mining industry. In contrast, the Modular Multilevel
Matrix Converter (M3C) is characterized by the ability to share the installed switching power
between the input and output side. Hence an overload capability up to 200% of the nominal
value can be reached at low speeds without additional efforts. This paper explains how the
overload capability is used and analyzes the overload torque limits in the whole speed range.
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Fig. 1: Modular Multilevel Matrix Converter (M3C) for feeding high torque variable speed drives. The
M3C converter arms consist of N series connected H-bridges with a DC-capacitor Cxyz .

Fig. 1 shows the Modular Multilevel Matrix Converter (M3C) feeding a high torque variable
speed drive. It performs a direct three-phase AC to AC voltage conversion in the medium voltage range and is especially suitable for applications with low nominal machine frequencies [1].
These occur in machines with large diameters and low rotational speeds, for example gear less
mills in the mining industry [2]. The M3C can replace thyristor based line commutated cycloconverters used today due to its modular and scalable structure. Classical filter arrangements
for the grid connection are dispensable because of the M3C’s high voltage quality on the input
and output side. This also minimizes additional oscillatory torque caused by harmonics, resulting in less mechanical machine failures [3], lower machine losses and less noise. Therefore
maintenance and energy costs can be saved compared to classical drive solutions.
Another important requirement for industry applications is a high availability of the converter
to allow continuous production processes. Here the M3C offers the possibility to continue
operation after cell failures by short-circuiting faulty cells with a bypass switch (Fig. 1). This
reduces the output voltages uay (y = output phase number, y ∈ {1, 2, 3}) and output power
Pa . Redundancy cells can be installed to avoid the output voltage reduction depending on the
application requirements.
The dimensioning of the semiconductors of line commutated cycloconverters or self commutated three-phase bridges is based on the maximum output currents iay . The output currents
are defined by the maximum torque for a given application. For example, mills in the mining
industry require a breakaway torque of at least 120% of the nominal torque [2]. Here the current rating of the converter must be oversized for these short time overloads near standstill. In
contrast to this, the M3C can share the installed switching power between the input and output
side. At low nominal speeds, the input currents iex (x = input phase number, x ∈ {1, 2, 3}) are
low because of the low active power Pe = Pa transferred to the load. The remaining current
capability of the converter arms can be used for higher output currents iay to achieve a higher
torque without an oversizing of the M3C.
In this paper, the function and the control of the M3C are explained. After that, the overload
torque capability of the M3C is analyzed for the whole speed range. The limit of the output
currents iay for given maximum arm currents Iˆxy are calculated and the influences on the cell
capacitors Cxyz are discussed. Finally, experimental results with a low voltage laboratory prototype with N = 5 cells per arm demonstrate the operating performance and the overload
capability of the M3C.

2.

Structure, fundamentals and control 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, with each of them connecting the three input phases via three converter arms and a 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 Cxyz (z = cell number, z ∈ {N|1 ≤ z ≤ N }). By
switching the transistors of the cells, each arm is able to generate an adjustable arm voltage
uxy with 2N + 1 voltage steps. The specific voltage range of the arms involving at least one cell
with pulse width modulation (PWM) is [4]:
−uCxy = −

N
X
z=1

uCxyz ≤ uxy ≤

N
X
z=1

uCxyz = uCxy

(1)

uCxy is the arm capacitor voltage which is equal to the sum of all cell capacitor voltages uCxyz
in the arm xy. The arm capacitor voltages uCxy can be split into a constant average value uCxy
corresponding to the mean capacitor energy wCxy stored in the converter arms and a timevariant part ũCxy which depends on the energy pulsation w̃Cxy caused by the actual arm power
pxy = uxy · ixy :
Z
Z
N
N
uCxy = ũCxy + uCxy ≈
pxy dt + uCxy =
uxy ixy dt + uCxy (2)
Cxyz · uCxy
Cxyz · uCxy
To maintain a constant average arm capacitor voltage uCxy , the control system has to ensure
that the average arm power pxy is zero for all nine converter arms. The cell capacitors Cxyz
are dimensioned to buffer the maximum energy pulsation ∆w without exceeding a maximum
allowable arm capacitor voltage pulsation ∆uC . A detailed analysis of the arm power pxy with
the corresponding arm voltage uxy and current ixy can be found in [5]. Neglecting the voltages
across the inductors, the arm voltages uxy can be approximated to:
uxy ≈ uLx − uay − u0

(3)

According to (3) the arm voltages uxy are composed by the input voltages uLx , the output
voltages uay and the zero sequence voltage u0 . With (1) and assuming sinusoidal voltages,
the minimum arm capacitor voltage uCxy,min can be calculated depending on the arm voltage
amplitude Ûxy :
uCxy,min ≥ Ûxy ≈ ÛL + Ûa + Û0
(4)
The arm currents ixy are composed of one third of the phase input currents iex , one third of the
phase output currents iay and two internal diagonal currents id1xy and id2xy :
ixy =

iex iay
+
+ id1xy + id2xy
3
3

(5)

The two internal diagonal currents id1xy and id2xy are used for the internal power distribution [5].
They do not occur neither on the input nor the output side of the M3C. With (5) and assuming
sinusoidal currents, the arm current amplitude Iˆxy which defines the current capability of the
semiconductors can be calculated to:
Iˆe Iˆa ˆ
Iˆxy =
+
+ Id1 + Iˆd2
3
3

(6)

The four current components can be calculated from the measured arm currents using the
αβ0-transformations from [5] and can be independently controlled with the control scheme
presented in [4, 6]. A superposed energy control maintains the average value of the nine
arm capacitor voltages uC00 at a constant level. This is realized by adjusting the input current
amplitude Iˆe in order to achieve an equal active input and output power Pe = Pa :
Ûa · cos(ϕa ) ˆ
Iˆe =
· Ia
Ûe · cos(ϕe )

(7)

ϕa is the phase angle between the output voltage Ûa and current Iˆa and ϕe is the phase angle
between the input voltage Ûe and current Iˆe . The differences between the average values of
the nine arm capacitor voltages uCxy are controlled by the balancing control using four balancing directions obtained from the measured arm capacitor voltages uCxy by αβ0-transformations
[4, 5, 6]. Here, the internal diagonal currents id1xy and id2xy are used to generate active power
components in each of the four directions allowing an energy exchange between all nine converter arms for the balancing task. At critical operating points, the zero sequence voltage u0

is used. This allows an operation even if the absolute input and output angular frequencies
are equal, |ωa | = ωe [5]. In this paper, the internal currents and the zero sequence voltage are
neglected in the following calculations due to their low values at normal operation.
Further details about the M3C can be found in the literature. [1] calculates the installed switching power of the M3C. [7] explains the advantages and material savings of the three phase
z-winding arm inductors L compared to nine individual arm inductors. An alternative control
scheme which includes methods to reduce the energy pulsation is presented in [8] with the
corresponding experimental results [9]. The benefits of feeding the rotor circuit of a Doubly
Fed Induction Generator (DFIG) by the M3C are explained in [10]. This variable speed generator system increases the part load efficiency and dynamics compared to grid connected
synchronous generators and can be used in variable speed pump storage power plants and
wind turbines.

3.

Calculation of the Overload Output Current Capability

In this Section, the output current capability of the M3C is analyzed in the whole speed range to
explain the overload capability. The calculations are exemplary done in a normalized manner for
a synchronous machine excited by a DC field current operating with cos(ϕa ) = 1. This machine
type is widely used for applications with large diameters and low rotational speeds [2, 3]. The
nominal output angular frequency ωa,n is selected to 40% of the input angular frequency ωe , at
this point the output voltage amplitude Ûa is equal to the input voltage amplitude Ûe .
Fig. 2 shows the operation with constant torque up to the nominal point |ν| = 0.4 and constant
power in the field weakening area. ν is the frequency ratio between the input and output angular
frequency ν = ωωae . The maximum arm current amplitude Iˆxy,n is reached at the nominal point
|ν| = 0.4 and defines the arm current rating of the M3C (Fig. 2a). The maximum arm current
amplitude Iˆxy,n is not fully used at low output frequencies |ν| < 0.4 due to the lower active
power Pa = Pe and therefore lower input current amplitude Iˆe .
The output current amplitude Iˆa can be further increased at low nominal output frequencies
(Fig. 3a) to completely use the maximum arm current amplitude Iˆxy,n in the whole operation
range. In this case, the maximum allowable output current amplitude Iˆa,max is calculated by
inserting (7) into (6) and neglecting Iˆd1 and Iˆd2 due to their low values at normal operation:
Iˆa,max =

3 · Iˆxy,n
1+

Ûa ·cos(ϕa )
Ûe ·cos(ϕe )

(8)

Fig. 3a shows the composition of the arm current amplitude Iˆxy = Iˆxy,n . At low output frequencies, the output power Pa is low which results in a lower input current amplitude Iˆe . The
remaining arm current capability can be used for the output current amplitude Iˆa = Iˆa,max . This
results in an increased starting torque capability T ∼ Iˆa of 200% at standstill compared to the
nominal operation point which decreases to 133% at half nominal speed (|ν| = 0.2). This behavior is very advantageous in applications which require high breakaway torques in the range
from 120 − 150% like mills in the mining industry [2]. A converter oversizing for the starting
torque is not necessary by using the M3C.
For operation with constant torque, the arm current rms-values Ixy,rms (Fig. 2b) are always
below or equal to the rms-value at the nominal operation point, even for zero output frequency
fa = 0. By increasing the output current amplitude Iˆa at low frequencies, the arm current

Fig. 2: Operation of a synchronous machine at constant torque below |ν| = 0.4 and constant power
ˆ
ˆ
above |ν| = 0.4: a) arm current amplitude components Iˆxy , I3e , I3a ; b) arm current rms-value Ixy,rms ; c)
arm voltage amplitude components Ûxy , Ûe , Ûa ; d) maximum energy pulsation ∆w (all pu values)

Fig. 3: Operation of a synchronous machine at a constant rated arm current amplitude Iˆxy,n : a) arm
ˆ
ˆ
current amplitude components Iˆxy , I3e , I3a ; b) arm current rms-value Ixy,rms ; c) arm voltage amplitude
components Ûxy , Ûe , Ûa ; d) maximum energy pulsation ∆w (all pu values)

rms-value Ixy,rms (Fig. 3b) increases up to 200% at standstill compared to the constant torque
operation (Fig. 2b). This must be considered in the design of the cooling depending on the
duration of the overload.

The maximum energy pulsation ∆w for operation with a constant output current amplitude Iˆa
is shown in Fig. 2d. This pulsation must be buffered in the cell capacitors Cxyz . By selecting
a maximum arm capacitor voltage uCxy,max = ∆uC + uCxy,min,n (uCxy,min,n = nominal minimum
arm capacitor voltage), the required cell capacitance can be calculated for the worst case of
∆w:
2∆w
Cxyz = N · 2
(9)
uCxy,max − u2Cxy,min,n
Fig. 2c shows the calculation for ∆uC = 0.3·uCxy,min,n = Ûxy,n . Here the nominal minimum arm
capacitor voltage uCxy,min,n is selected in a way that the nominal output voltage can be reached
in the whole operation range. Hence the resulting minimum arm capacitor voltage uCxy,min is
still higher than the required arm voltage Ûxy in all operation points. This allows a high dynamic
voltage reserve, a further reduction of the cell capacitors Cxyz or a operation with a reduced
average arm capacitor voltage uCxy at low output voltages. This can improve the output voltage
quality and reduces switching losses by using smaller cell capacitor voltages uCxyz .
Otherwise it can be used to buffer the higher maximum energy pulsation ∆w (Fig. 3d) which
occurs for higher output currents at low frequencies. Here a lower minimum arm capacitor
voltage uCxy,min ≥ Ûxy = Ûe + Ûa (Fig. 3c) avoids oversizing of the cell capacitors in most
cases. The reduced dynamic voltage reserve must be accepted in this case or a higher cell
capacitance must be installed. This must be checked for each dimensioning depending on the
application requirements. Another possibility is the use of internal diagonal currents, here the
energy pulsation is reduced in the overload case, but the output currents limits from Fig. 3a
cannot be fully reached.
As result it can be seen that the M3C output current capability can fulfill the overload requirements at low speeds without oversizing of the cell semiconductors. The dimensioning of the
cell capacitors can be varied depending on the dynamic requirements.

4.

Experimental Results with the Low Voltage Laboratory Prototype

To demonstrate the performance of the M3C, a low voltage laboratory prototype was built up
with N = 5 cells per arm. The composition of the arm currents at different output frequencies is exemplary shown using an induction machine due to available laboratory equipment.
The control method from [6] is used for the independent subordinate current control and the
superposed energy and balancing control. The control of the induction machine consists of a
superposed speed controller and subordinate current controllers for the field generating current iad = 13 A and the torque generating current iaq . The induction machine is mechanically
coupled to a torque controlled DC-machine working as adjustable load. Fig. 4 shows a measurement result at a speed of n = 100 min−1 . The arm current amplitude Iˆxy ≈ 14 A allows a
torque generating current of iaq ≈ 29 A due to the low active input current of ied ≈ 6 A. At a
speed of n = 1000 min−1 (Fig. 5), the torque generating current is reduced to iaq ≈ 18 A to keep
the arm current amplitude Iˆxy ≈ 14 A constant due to a higher active input current ied ≈ 14 A.
Comparing both cases, it can be seen that the torque generating current iaq at n = 100 min−1
is about 60 % higher than iaq at n = 1000 min−1 with the same maximum arm current amplitude Iˆxy ≈ 14 A. The values of internal diagonal 1 and 2 currents id1,α/β , id2,α/β are very low,
because they are only used for balancing the arm capacitor voltages uCxy . The average value
uC00 = 650 V is kept constant at all speeds. Hence the performance of the M3C for feeding AC
machines at a constant maximum arm current amplitude is successfully shown.
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Fig. 4: Measurement of the M3C control variables at a machine speed of 100 min−1 , short time averaged
1
1
values at tA = fPWM
= 8 kHz
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Fig. 5: Measurement of the M3C control variables at a machine speed of 1000 min−1 , short time aver1
1
aged values at tA = fPWM
= 8 kHz
.

5.

Conclusion

The intrinsic current overload capability of the Modular Multilevel Matrix Converter (M3C) in the
low speed range is explained in detail. The M3C offers a starting torque capability up to 200%

of the nominal value without any electrical oversizing. This is possible due to the fact that the
M3C is the unique converter that can use the complete installed switching power either on the
input or the output side. Therefore it is especially suitable to replace cycloconverters which
are used today in high power medium voltage drive applications like mills which require a high
breakaway torque.
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