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Abstract: In this paper, a modulation strategy of a 3 x 5 modular multilevel matrix converter (M3C)
is proposed. The circuit of 3 x 5 M3C is firstly introduced. Then, operation rules of 3 x 5 M3C
are illustrated, and a connection pattern of branches is determined based on these rules. Different
voltage states in the input and output side can be achieved by different connection patterns. These
voltage states are represented in the form of vector. It is hard to synthesize five-phase output with
the three-level synthesis method. Therefore, the five-level synthesis method is adopted in this paper;
i.e., is the branch states have been increased. Ten effective vectors and a zero vector are selected based
on the five-level synthesis method. With this modulation strategy, we achieve output line-to-line
voltages that are in line with the trend of a sine wave. The segment division and duty cycle calculation
are very simple, and the modulation strategy can be implemented easily. The simulation model of
3 x 5 M3C is constructed based on Matlab/Simulink, and the corresponding experimental platform
is set up. The results of simulation and experiment show that the proposed method is reasonable
and correct.
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1. Introduction

In recent years, more and more attention has been paid to the research on a multiphase AC drive
system. Compared with the three-phase motor, the multi-phase motor system has the advantages of
small torque fluctuation, high power density, high efficiency, fault tolerant operation and low voltage
high power, etc. It has developed rapidly in fields such as electric/hybrid electric vehicle drives,
electric ship propulsion, aircraft drives, locomotive traction, offshore wind generation, aerospace
drives and some high power industrial applications and other applications [1-6]. The advantages are
obvious. The main reason for these advantages is that the power level of each phase in a multi-phase
system was reduced, and the fault-tolerant performance was improved. Due to the development
of multi-phase motors, new requirements for the development of multiphase matrix converter are
also proposed.

Modular multilevel converter (MMC) and M3C all belong to multilevel converters. MMC is
composed of cascaded half-bridge converters, and it mainly focuses on DC/AC conversion [7,8].
In order to achieve AC/AC conversion, two back-to-back MMCs as shown in [9] should be adopted.
M3C is a new cascade H-bridge AC-AC converter [10]. Compared with MMC, it can realize AC/AC
conversion with fewer branches, and no additional high frequency common mode voltage and current
are needed in the aspect of low frequency control. M3C also has some other advantages such as full
modularity, simple extension to high voltage levels, control flexibility, better harmonic quality and
redundancy, and the fact that several failed modules do not necessarily cause system shutdown [11-13].
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These unique advantages make it very suitable for high-power low-speed motor drives and high-power
wind energy conversion systems [11,14,15].

3 x 5M3C is developed by a 3 x 3 M3C. Due to the special structure of the 3 x 5 M3C, it not only
takes into account traditional matrix converters and modular multi-level advantages, but also, each
branch is relatively independent. Therefore, each branch can be seen as a single-phase cascade inverter,
which makes its control strategy more flexible. 3 x 5 phase M3C is very suitable for the five-phase
high-power low-speed drive systems and other five-phase AC/AC conversion applications. Because
of the multi-phase motor’s safety, its reliability is higher than the three-phase motor. When subjected
to more in-depth studies, 3 x 5 M3C will have very broad prospects.

At present, research on 3 x 3 M3C has achieved some progress, the authors of [11] discuss the
application of M3C in wind energy conversion systems. Good steady state and dynamic performance
are achieved, phase shifted PWM scheme is adopted to synthesize the voltage, and the modulation
is simple to implement. However, the calculation of modulation wave for each H-bridge cell is
complex. A general nonlinear multivariable optimization model is set up to optimize the branch
current configuration after the branch loss described in [12]. A smaller system power capability
loss after the branch fault is achievable; however, the internal circulating current component is not
mentioned, and it is difficult to suppress by current feedback. An integrated current-energy model is
formulated and the decoupled active and reactive power control is achieved in [10]. In [14], a control
method based on capacitor voltage estimation is applied so that capacitor voltage measurement is
not needed in the high-level control state-space model of the converter. In both papers, a control
system is established. An integrated perturbation analysis and sequential quadratic programming
solver is used to reduce the computational complexity in [13]. A cost function that considers error
terms is provided and the dynamics response of capacitor voltage average value is improved in [15].
A prediction method is adopted in both papers.

However, a study of 3 x 5 M3C has not been carried out yet. 3 x 5 M3C can be seen as an
expansion of 3 x 3 M3C in the topological structure, and therefore analysis of three-phase M3C can
be a reference for five-phase M3C. However, the five-phase M3C is essentially different from the
three-phase M3C. Input and outputs of three-phase M3C can be interchangeable. However, due to
the five-phase M3C with the three-phase input and five-phase output, the input and output side
cannot be directly interchangeable. The biggest difference between the three-phase and five-phase
matrix converter is that all the possible bridge arm connections can be used to synthesize the required
combinations of input/output vectors in three-phase M3C, while the five-phase matrix converter very
strictly adheres to the bridge-arm connection structure. Not all bridge connections are compliance with
the requirement of input/output vector combination, and the whole length of the vector cannot meet
the requirement of synthesizing the output voltage. For the three-phase M3C, the conversion can be
realized by only one H-bridge cell in the effective state in a working arm branch as in [16]. In this case,
the output line voltage is three-level. Because, for five-phase M3C, the three-level synthesis method is
no longer applicable, a five-level method is adopted in this paper. The number of effective H-bridge
cells is no longer the same according to different combination of vectors. The selection of a basic vector
is determined by the five-level synthesis method. Ten effective vectors and a zero vector are adopted
in the output side. The segment division and duty cycle calculation of the proposed method are very
simple, and the modulation strategy can be easily implemented. Finally, the feasibility of the proposed
3 x 5 M3C and its control strategy is verified by simulation and experiment.

2. Basic Operation Principles of 3 x 5 M3C

3 x 5M3Cis a3 x 5 switch matrix consists of 15 cascaded H-bridge branches, and each branch is
composed of several H-bridge cells. Its circuit topology is shown in Figure 1. In this paper, there are
three H-bridge cells in each branch, the input three-phase are denoted as “A, B, C” and the output
five-phase system are denoted as “a, b, ¢, d, e”, Ls and L, are filter inductors of input and output side.
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Similar to the constraint conditions of 3 x 3 M3C, 3 x 5 M3C branch connections need to fulfill

the following conditions:

1.

Due to the existence of inductor on input and output side of 3 x 5 M3C, the continuity of
current on both sides should be ensured so that the input/output phase should not open.
Otherwise, the high voltage induced by the inductance current in the open circuit will damage
the switch device;

In order to effectively avoid the high voltage stress on the IGBT element, the total charge through
the open switching unit should not exceed the capacitance voltage Ucap-

All branches of M3C in the switch matrix should not be short-circuited, otherwise, short-circuit
current will damage the converter.
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Figure 1. Main circuit topology of 3 x 5 M3C.

Under the above constraints, the following basic principles should be followed when the space

vector combination is selected:

There is at most one branch connection between any input and output phase.

If any of the inputs are only connected to one of the outputs, the remaining two-phase inputs
must also be connected to this output phase.

The adjacent two phases of outputs must be connected to the same input phase, otherwise the
required output voltage cannot be synthesized.

Accordingly, the switch combination table can be obtained as follows.
As can be seen from Table 1, seven branch connections are required to synthesize the input/output

side voltages. There are theoretically 573 feasible combinations; each switch has 3 valid states, namely,
+1, —1,and 0. Only one H-bridge cell is selected for output in a branch. For example, there are 37 = 2187
possible combinations of connections for the 7 branches, and the total number of switch combinations
is 573 x 2187 =1,253,151.

In contrast to the method used in three-phase M3C, the branch connection of all vector

combinations in the five-phase M3C should be found independently, assuming that the requirements
of the constraints are fulfilled, and some connection forms can only satisfy one kind of vector
combination. Branch connection and the bridge voltage are shown in Figure 2 when the input
side voltage is uap = Ucap, upc =0, uca = —Ucap, the output side voltage is uyp = Ucap, Upe = 2Ucap,
Ueg =0, Uge = —2llcap, Uea = —Ucap.
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Table 1. Combination of all branch connections.
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Figure 2. Vector combination of V-V .

In the process of synthesis, the sorting method is used to stabilize the capacitance voltage of each
H-bridge cell. The charge and discharge state of each H-bridge cell is determined by the capacitance
voltage of each unit in a branch and the direction of the bridge arm current. Thus, if the H-bridge cell
has a relatively high voltage in discharge state, and the H-bridge cell has a low voltage in charge state,
the capacitor voltage of each H-bridge cell can be well stabilized within a certain range.

3. Vector Synthesis and Time Calculation

Space Vector Pulse Width Modulation (SVPWM) is a simple and effective method to represent the
magnitude and phase of three-phase voltage. This method is also suitable for 3 x 5 M3C modulation.

Switch combinations of 3 x 5 M3C can produce a total of 176 kinds of effective line-to-line voltage
combinations, but only the vector which is in accordance with the trend of voltage changes can be used
to synthesize the output voltages. Take two groups of vectors with the length 0.2906Ucap and 1.9919U.cap
as an example, the two groups of vectors correspond to the same angles, V8 to V3, which correspond
to the positive part of voltage uag. The two trends are 0——Ucap—>+Ucap—>+Ucap—>—Ucap—0,
0—+Ucap—+2Ucap—>+2Ucap—+Ucap—0. Clearly, the latter is more in line with the trend of a sine
wave. By comparing different groups of vectors with different length, it can be found that, taking 10
vectors with length 1.9919U.ap and a zero vectors as basic vectors can realize the synthesis of five phase
output voltages. This is transformed into the corresponding d-q coordinate value by Equation (1), as
shown in Table 2.
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Table 2. Vectors of output side.
Five-Phase Voltage Voltage in d-q Axis Vector
Uapb Upc Ued Ued Ued uq Uq
2Ucap Ucap —Ucap —2Ucap 0 1.8944Ucap 0.6155U cap Vol
Ucap 2Ucap 0 —2Ucap —Ucap 1.1708Ucap 1.6155U cap Voo
0 2Ucap Ucap ~Ucap  —2Ucap 0 1.9919Ucap Vs
— Ucap Ucap 2 Ucap 0 — zucap —1.1708 Ucap 1.6115 Ucap Voa
—2Ucap 0 2Weap Ucap ~Uqp  —1.8944Ucep  0.6115Ucap Vos
Weap  —Ucap Ucap 2Ucap 0 —1.8944Ucap —0.6155Ucap Vos
~Ucp  —2Ucap 0 2Ucap Ugp  —1.1708Ucap —1.6115Ucap Vo
0 “2Wep  —Ucap Ucap 2Wcap 0 ~1.9919Ucap Vos
Ucap —Ucap —2Ucap 0 2Ucap 1.1708Ucap  —1.6115Ucap Voo
2Ucap 0 —2Ucap —Uecap Ucap 1.8944Ucap  —0.6155Ucap Voio
0 0 0 0 0 0 0 Voo

Based on the analysis of the structure and output voltage synthesis characteristics of the five phase
MB3C, it can be seen that the three-level synthesis method cannot synthesize five phase output voltage,
and, thus, the output line voltage should have at least five levels. Therefore, when this group of models
are adopted for synthesis, in the case of Vigj—V 1~V 19 Vector combination, that is the input side is zero
vector and the output side is V51 to V419, two of the three H-bridge cells are used for synthesis. Two
effective branch states with +2Ucap, —2Ucap are added on the basis of three-level synthesis to satisfy
the needs of the five-phase output. Take the Vjp—V 1 vector combination as an example, the connection
mode of the bridge and the states of each bridge are shown in Figure 3.

Uey=0

Figure 3. Vector combination of Vjp—V ;.

The situation of the branch is similar to + Ucap, —Ucap in the Vjo—V 51~V 19 vector combination
case. The switch state is also selected by the sorting method when the output is +2Ucap or —2Ucap.
The capacitor voltage states of the three H-bridge cells are measured, and two H-bridge cells are
selected for output according to the bridge current direction and the H-bridge cells states. The output
of +2Ucap, —2Ucap can solve the problem that three-level synthesis cannot synthesize five-phase
output voltages.
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The input side is composed of 19 basic vectors, and the output side is composed of V9~V 10.
It can be seen from Table 2 that the amplitudes of V1~V 419 are the same. The space vector figure at
the input and output side is shown in Figure 4. Input and output are independent of one another.
According to the mean equivalent principle, the given input/output reference vectors Vi, and Vot are
synthesized in one sampling period Ts. A 360° circle in the input side is divided into six sectors by the
long vectors; the angle of each sector is 60°. A 360° circle on the output side is divided into ten sectors
by the 10 basic vectors except for the zero vector; the angle of each sector is 36°. The synthesis method
on the input side refers to the traditional three-phase synthesis method mentioned in [17], and the
SVPWM method was adopted on the output side. Take the output side reference vector V¢, which
is located in the sector 2 shown in Figure 4, as an example. It is synthesized by vectors V1, V5, and
V0. The corresponding action times are t,1, t2, too, and their sum is the switching cycle Ts. It can be
derived by the sine theorem as follows:

t t
|V0ut| o %52|V02| N %|Vol| )
sin®® ~ sinOou  sin(Z — Oour) (2)
5 5 out

The vector action times are calculated as follows:
tOl f— st Sin(% - eout)
top = mTgsin Ogyt 3)

too = Ts — fo1 — to2

V07 YVOS V09
(b)

Figure 4. Vectors of 3 x 5 M3C (a) Vectors of input side; (b) Vectors of output side.

Where Vo1l = [Vl = 1.9919Ucp, and the value of the modulation coefficient m is
[ Vout 1 /(1.1708Ucap). In the space vector modulation strategy, the basic vectors used for the synthesis
are selected firstly according to the reference vector. Then the duty ratio of each switch combination is
determined according to the duty ratio, and then the specific state of each switch and the maintenance
time of each state are determined. An example is as follows: Ucap = 200 V, the input reference vector
is located in the sector VL. (1 Vi, | =90V, 6i, = 20°) the vectors applied for combination are Vis, Vi,
Vio respectively, and the corresponding time is s, tig, tip; the output vector is located in the sector
2, (1 Vout | =100V, Oyt = 45°), the applied vectors are Vi, Vo1, Vo, and the corresponding action
times are ty, to1, to2. The switch combination timing method in [17] was adopted. Equation (2) can be
applied to the output side, the calculation results are as follows:

ot =04883Ts, tis = 0.3340Ts, t;c = 0.1777Ts,
o 1ty =0.8389Ts, to; = 0.0413Ts, top = 0.1198T
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Based on the results obtained above, the corresponding switching unit state and the sustaining
time can be obtained as shown in Figure 5.

Ts
input tio )l( tis tie %
output .
é 9& to2 >< to0
1 2 3 4 5
(Vie=Vo1)  (Vio-Va2) (Vio—Vo0) (Vis—Vo0) (Vie—Vo0)

4. Simulation and Experimental Analysis of 3 x 5 M3C

4.1. Simulation

Figure 5. Timing of space vector.

A simulation model of 3 x 5 M3C was constructed based on Matlab/Simulink. Simulation
parameters are shown in Table 3, and the simulation results are shown as Figures 6-10.

Table 3. Simulation parameters.

Parameters Value
Switching frequency 5 kHz
Number of H-bridge cells in each branch 3
Capacitance of H-bridge cell 1200 pF
Capacitor voltage 200V
Magnitude of input line voltage 173V
Input frequency 50 Hz
Magnitude of output line voltage 100 V
Output frequency 100 Hz
Filter inductance in input and output side 3 mH
Resistance of load 16 Q)
Inductance of load 12 mH

Figure 6. Output adjacent line-to-line voltage.
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Figure 9. Five-phase output currents.
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Figure 10. Input phase voltage and current.

Capacitor voltage of H-bridge cell Ucap = 200 V. Different switching combinations can achieve
five levels of line-to-line voltage. These 5 levels are: +400 V, +200 V, 0 V, —400 V, —200 V, respectively.
As shown in Figure 6, the output line-to-line voltage u,, contains five kinds of voltage levels: 0,
+Ucap, +2Ucap- The spectrum analysis in Figure 7 shows that the fundamental amplitude of output
line-to-line voltage is 99.25 V, which is close to the expected value of 100 V. The large THD values are
mainly caused by high-order harmonics, and there are few low-order harmonics in the output voltage.
The waveform of output phase voltages u,, u}, are shown in Figure 8. It can be seen from this figure
that the output phase voltage contains seven levels, and they are closer to the sine wave. Figure 9
shows the five-phase output currents waveform. They are symmetrical sine waves, which indicate
good waveforms of output phase voltages. In Figure 10, the input current is in phase with the input
voltage; thus, the unity power factor can be achieved.

4.2. Experiment

The configuration of our experimental platform is shown in Figure 11. The experimental platform
is mainly composed of a three-phase power supply, main circuit, driver circuit, main controller,
five-phase R-L load and some auxiliary circuits. The main circuit is mainly composed of MOSFET
H-bridges. The optical coupler is employed in the driver circuit, and a logic circuit is integrated with it.
The main controller includes a DSP and an FPGA chip. The segment division, duty cycle calculation
and voltage sorting are completed by DSP. The FPGA is responsible for the generation of PWM signals
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and the configuration of A/D converter. According to the PWM signals, the logic circuit generates
switching signals of MOSFETs in each H-bridge cell.

Voltages'm—— ] '
— AD [——p |
| [
H-brildge : FPGA :
cells PP
Logic circuit I I
B1C Ut ipyy v |
K4 and driver C—H |
circuit : :
I @ I
| [
| | ;
Branch currents ::) : RN
| [ EEL R Aty
| Dsp i : %”‘
|
| [
Input voltages :} I
|
| S|
Main controller
(a) (b)

Figure 11. Configuration of experimental platform (a) system structure; (b) photos of experimental
platform.

The experiment is divided into two cases. In the first case, the parameters are the same as in
Table 3. In the other case, the parameters are the same except for the expected output line-to-line
voltage, which is set to 80 V /25 Hz. The results of experiment are as follows.

GuinsTex LT T 6= cursrex T e cuinsTeK T e o PR
Ua
fab i fa Ib ic id
R \ \a(/
C JCZ5m @ 92"‘]
:J
(a) (b) (c)
Harmonics GUINSTEK I

THODC 1879 13 17 21 25 29 53 37 41 45 48 e
1202617 10:47:35 440U SOHZ 18 EH50160 p 5 sm,]

(d) (e)

Figure 12. Experimental waveforms under the output parameter 100 V/100 Hz (a) output line-to-line
voltage (u,p); (b) output phase voltage (ua, up,); (c) output currents (ia, #,, ic, ig); (d) the Fast Fourier
Transformation (FFT) analysis of i,; (e) input phase voltage and current (u4, ia).
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Figure 12 is the experimental result of the first case. As can be seen from above, the output
waveforms of the experiment are similar to that of the simulation. The output line-to-line voltage
contains five voltage levels and the output phase voltage contains seven voltage levels. The output
phase currents are sinusoidal and symmetrical, and the spectrum analysis of phase current in Figure 12d
shows that there are little low-order harmonics. The value of THD is very low, which meets our
expectations. The input current is nearly in phase with the input voltage, and the input power factor is
close to unity power factor.

GuINSTEK I e S E RN v
| Ua
Uab
Ub
@ o) @55
6 [ [ Vs )
(a) (b)
cunsTex I =
Harmonics
L. Pua & 0:00:32 =T
in b ic id ST ) = At
Y \
5%
L. I---.'- ey
D THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
ns. @ 1 Zean o)
€ 8 )t @ | ) 01/24/18 10:13:46 440U 50Hz 18 ENS0160
() (d)
GuInsTeK =) * astsaes
7A
Vo
@ monie )
s I 5ns @ S.060us)

Figure 13. Experimental waveforms under the output parameter 80 V/25 Hz (a) output line-to-line
voltage (1,p); (b) output phase voltage (u,, uy,); (¢) output currents (i, iy, ic, ig); (d) the FFT analysis of
ia; () input phase voltage and current (ua, ia).

Figure 13 is the experimental result of the second case. The waveforms are similar to that of
the first case, but the frequency and voltage magnitude has changed. The change of output voltage
magnitude is indicated by the value of the output current. The output currents are still sinusoidal and
symmetrical with little low-order harmonics. The phase of the input voltage and current are nearly the
same. The output is able to follow the expected instruction.

The waveforms of this experiment are not very good compared with those of the simulation.
The output voltages fluctuate near the expected voltage levels. This is mainly caused by the fluctuation
of the capacitor voltage. The output current is not as smooth as that of the simulation. It mainly
affected by the turn-on and turn-off delay of the switches and some disturbances. The input current is
also affected by these factors. From the comparison, it can be seen that the shape and magnitude of
the waveforms are very similar in Figures 6, 8-10 and 12. The difference of environment and devices
between the experiment and the simulation makes the results slightly different. The results of the
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simulation and experiment all show that good performance is achieved in 3 x 5 M3C by the method
proposed in this paper.

5. Conclusions

3 x 5M3C s different from 3 x 3 M3C: an increased number of output phases, more H-bridge cells
and more level voltages are needed for synthesis. This paper proposed a modulation strategy for 3 x 5
M3C. The segment division is very simple. Effective vectors are reasonably selected by this method.
It is convenient to calculate the duty cycle, and the strategy can be implemented easily. The feasibility
and validity of the proposed method were verified by means of computer simulation and experiment.
It can be seen from the results of simulation and experiment that the expected five-phase output
voltages are obtained. Desirable performance are achieved by this method. The method of adding
branch states can also be expanded to other multiphase M3C.
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