
energies

Article

Elimination of Common Mode Voltage in the
Three-To-Nine-Phase Matrix Converter

Janina Rząsa * and Elżbieta Sztajmec

Departament of Power Electronics and Power Engineering, Rzeszow University of Technology,
35-959 Rzeszów, Poland; e.sztajmec@prz.edu.pl
* Correspondence: jrzasa@prz.edu.pl; Tel.: +48-(017)-865-19-76

Received: 10 January 2020; Accepted: 30 January 2020; Published: 3 February 2020
����������
�������

Abstract: A multiphase matrix converter (MC) is a direct AC/AC converter with n-phase input
and m-phase output that is required to supply multiphase systems. To synthesize the controllable
sinusoidal output voltage and input current with controllable displacement angle, the pulse width
modulation (PWM) is implemented. On account of the PWM usage, there is common mode voltage
(CMV), which is detrimental and causes lots of failures. This paper investigates the CMV elimination
in the three-to-nine-phase MC. The carrier-based space vector modulation (SVM) with Venturini
modulation functions is used. The elimination of the CMV is realized by applying rotating voltage
space vectors only. The simulation results presented in this study show that the CMV is entirely
eliminated and prove the usefulness of the proposed modulation method.

Keywords: multiphase matrix converter; common mode voltage; rotating voltage space vector; space
vector modulation; Venturini modulation functions

1. Introduction

Matrix converters (MCs) have appeared as promising AC/AC converters using direct conversion.
The topology is based on semiconductor switches with minimal requirements for passive components.
In a matrix of bidirectional switches, any input phase can be connected to any output phase. The MC
offers several distinct advantages compared to other AC/AC converters. Attractive features commonly
associated with the MC are controlled bidirectional power flow, compact volume, controllable input
power factor, and sinusoidal waveforms. More detail is given in [1].

Many control techniques have been proposed to control MCs, and many potential applications have
been investigated [2,3]. Modulation and control strategies can be classified into scalar techniques (e.g.,
Venturini method), pulse with modulation (PWM) methods (carrier-based, space vector modulation
(SVM)), and other control strategies (e.g., predictive control and direct torque control (DTC)) [4].

There are two main topologies of the MC, namely, direct matrix converter (DMC) and indirect
matrix converter (IMC). Voltage and current conversions in the DMC are performed in a single stage.
The IMC requires separate stages for such conversions. The IMC is similar to the back-to-back topology
but with no energy storage element in the intermediate link. Although the DMC has a higher number
of semiconductor switches than IMC, they are subjected to a lower voltage stress, which causes their
failure rate to be lower [5,6]. In industrial application, AC/AC power conversion is usually achieved
by using the back-to-back converter topology, but it is observed by research investigations that the
direct topology is better than back-to-back one, because of, e.g., lack of DC link with a bulky capacitor
and lower power loss [7]. The MC technology is a good choice for drives located in applications where
space and safety are a primary issue. Moreover, there are papers about application of the multiphase
MC in renewable energy generation [8,9].

Energies 2020, 13, 631; doi:10.3390/en13030631 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8976-8793
https://orcid.org/0000-0002-2125-0207
http://www.mdpi.com/1996-1073/13/3/631?type=check_update&version=1
http://dx.doi.org/10.3390/en13030631
http://www.mdpi.com/journal/energies


Energies 2020, 13, 631 2 of 20

The MC has shown its effectiveness in industrial, aerospace, and non-space military applications.
At first, it was introduced as a direct three-to-three-phase configuration. This configuration has
been used by Yaskawa Company in 2011 [10]. Moreover, manufacturers like ABB, Alstom, Siemens,
etc., have shown their interest in MCs. Multiphase drive systems are a top choice when it comes to
high-power, safety-critical applications. It is because of their numerous advantages over three phase
drives. In the literature, the motor drive is the most extensively explored application area of MCs, but a
large majority of analyzed drives go for three phase machines. In [10], the PSMS motor is considered
and in [11–15] the three phase induction motor is applied. Nevertheless, multiphase motor drives have
some essential merits over traditional three phase motor drives. Among these are reduction of the
rotor harmonic current amplitude and harmonic current losses, increase of the frequency of torque
pulsations, and decrease of DC link current harmonics when a back-to-back converter is used. Many
features of these drives are discussed in [16].

In this paper the investigated MC is the direct multiphase topology. The multiphase MC (more
than three-phases) is a direct AC/AC converter with n-phase input and m-phase output (n ×m).
The possible configurations are odd input and odd output phases, odd input and even output phases,
even input and odd output phases, and even input and even output phases. Nowadays, the number of
phases is possible to be considered as a degree of freedom, because of the development of not only
modern power electronic converters but also growing interest in multiphase motor drives.

Since multiphase drive systems have gained popularity, there is a need to develop multiphase
power electronic converters to supply such systems. So far topologies of three-to-five-phase,
three-to-six-phase, three-to-seven-phase MCs are investigated. Little attention has been paid to
the three-to-nine-phase MC, which has been investigated in a direct and indirect topology in [17]
and [18], respectively.

Due to the PWM nature of the MC output voltage waveform the common mode voltage (CMV) is
generated, and many problems are introduced. The CMV is detrimental and has been identified as a
main source of premature motor failures. The CMV causes electromagnetic interference, overvoltage
stress to the winding insulation, bearings deterioration, motor winding failure, and it reduces the
lifetime of electric machines [19]. An important advantage of the DMC is that the zero CMV is
realized without any hardware, which is not accomplished in the back-to-back converter or the IMC on
account of the DC-link. Methods of elimination of the CMV can be divided into using passive/active
components, topology-based method or utilizing modulation strategy. Utilizing modulation strategy
as a tool of the CMV elimination is easier and provide lower costs than hardware solutions.

The elimination of the CMV in three-to-three-phase MCs has met a notable interest. Different
CMV elimination methods have been tested in the three-to-three-phase MCs. Several of the methods
are based on modification of the SVM by elimination of a zero-space vector as a complement of
switching cycle, and replacement of the zero space vectors by rotating space vectors or by active vectors
with minimum absolute values. Unfortunately, these methods only allow a partial CMV reduction.
Little attention has been paid to the elimination of the CMV in the multiphase MC. Nonetheless,
some recent papers have examined the elimination of the CMV in three-to-five- three-to-six- and
three-to-seven-phase MCs. The SVM is applied to control the dual three-to-five-phase MC [20], where
authors present the elimination of the CMV across the machine winding. In [21] authors introduce
the SVM schemes for minimizing the CMV in a direct three-to-seven-phase MC fed a seven-phase
induction motor. The methods that are presented in [21] achieve reduction of the peak CMV of the MC
by 20%, 38% and 50%, respectively.

Entire elimination of the CMV could be obtained by using in modulation process the rotating
voltage space vectors only. The method of eliminating CMV in the MC by using rotating voltage space
vectors has been investigated and presented for the first time by authors of [22–25]. To carry
out the synthesis of the output voltage with the usage of rotating voltage space vectors only,
the authors use a carrier based SVM with Venturini modulation functions. Next, the carrier-based
implementation of the SVM using rotating voltage space vectors only is presented in [26] in application
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to the three-to-three-phase MC, and in [27] in application to the multilevel MC, and in [28]—to
the three-to-six-phase MC. The carrier based SVM method avoids any trigonometric and division
operations that could be needed to implement the SVM using the general space vector approach.

Another realization of modulation method with the use of the rotating voltage space vector only,
is presented by the authors of [29,30]. To find the duty cycles of the switches, the authors of [29] use the
transformation of rotating voltage space vectors into components in a perpendicular system dq, rotating
at an angular velocity corresponding to the output voltage angular frequency. This scheme adopts
five out of the total six rotating vectors for operation of the MC. The complexity of the control is high.
Expressions of the duty cycles involve the time-consuming trigonometric operations. Furthermore,
the duty cycle calculations and the switching sequence determination depend on the input and output
sectors. Consequently, the principle and implementation of this scheme is as complicated as the
typical SVM. On the other hand, incorporating five rotating vectors in one switching period results in
more switching actions and thus more switching losses, degrading the conversion efficiency. In turn
in paper [30], the authors propose to use three rotating voltage space vectors without complicated
trigonometric operation, which simplifies the modulation method providing elimination of the CMV
as in the previous method. Application of the three rotating voltage space vectors causes that in the
presented method, the input displacement angle cannot be controlled. Both modulation methods
described in [29,30] are applied to the three-to-three-phase MC.

In this paper, it is assumed that the bidirectional switches are ideal, and with zero on and
off switching time. Therefore, there is no need to consider a commutation strategy. In practical
implementation, commutation and real parameters of the switches have to be taken into consideration.
Several commutation strategies are discussed in the literature [29,31–34]. The four-step commutation
strategy is commonly used. In [29] and [32], authors prove that considering the commutation strategy
creates space vectors which do not provide the elimination of the CMV. Then, the authors present a
modified four-step commutation that inserts delay times in the commutation sequence, which makes it
possible to achieve the zero CMV in the practical implementation.

A practical implementation of the thee-to-nine-phase DMC is presented in [17]. The power module
is composed of the bidirectional switch of IGBT and fast diode bridge. The control platform is realized
by DSP and FPGA controllers. The modulation code is processed in the DSP. The FPGA board realizes
logical tasks such as gate drive signal generation, A/D (Analog to Digital) and D/A (Digital to Analog)
conversion, etc. In [35], it is showed that the carrier-based SVM can be easily implemented with DSP
control system. The authors of [35] utilize a software C program to achieve the carrier-based SVM.
The program reads analogue signals from A/D converters, executes the main program, transforms the
reference voltages from perpendicular system dq to αβ and uses these voltages to determine the sector
of the vectors.

This paper is focused on the CMV elimination in the three-to-nine-phase MC. The entire elimination
of the CMV is possible only when all the output phases can be equally connected to each of the input
phases. The three-to-nine-phase MC provides that connection. To find the rotating voltage space vectors
required in proposed modulation method, all admissible configurations of the three-to-nine-phase MC
are analyzed, and all output voltage space vectors are investigated. To eliminate entirely the CMV,
the direct topology of the MC is modulated by the carrier-based SVM. Venturini modulation functions
are used to determine switch duty cycles [3,36,37]. Analysis of 1680 rotating voltage space vectors
allows to find vectors that were used in modulation to achieve the zero CMV in the three-to-nine-phase
MC. The proposed simulation method and results of the elimination of the CMV were performed by
using ATP Draw software. Calculations of rotating space vectors that can be used to eliminate the
CMV have been performed in Matlab software. Both, simulation results and output voltage space
vectors selected to eliminate the CMV, are presented in the paper.
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2. Three-to-Nine-Phase Matrix Converter Topology

In the three-to-nine-phase MC, there are nine output phases, with each phase having three
bidirectional power switches with antiparallel connected IGBTs and diodes. The total number of the
switches is 27. The input is supplied by a sinusoidal three-phase source with LC filters. The output
is nine phases with 40◦ phase shift between each output voltage phase. As a load a nine-phase AC
machine can be used (Figure 1).
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Figure 1. Scheme of the three-to-nine-phase multiphase matrix converter (MC) topology. Inputs are
named ua, ub, uc, and outputs are named u1–u9.

The output voltage waveforms in the MC are composed of segments of sequentially chosen parts
of input voltage waves. Therefore, the existence functions defined in [38] was used to describe the
operation of the MC switching matrix. According to [38,39] these functions at any given time can
have either unit or zero amplitude. The authors of [39] suggest that it is more appropriate to call
the “existence function” as a “modulation function”. Further, the existence function is named as a
switching function Snl (1) and determines conduction state of each bidirectional switch.

Snl =

{
1 i f Snlopen/on
0 i f Snlclosed/o f f

n ∈ {1, 2, 3, 4, 5, 6, 7, 8, 9} l ∈ {a, b, c} (1)

where Snl is the switching function, n the output phase and l the input phase.
The relation between instantaneous value of the output voltage uo and instantaneous value of

the input voltage ui is defined in terms of switching functions (2). A similar situation arises when
considering a relation between the input current ii and the output current io (3).

uo = Sui =



u1
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u8

u9


=



S1a S1b S1c
S2a S2b S2c

S3a S3b S3c

S4a S4b S4c
S5a S5b S5c

S6a S6b S6c

S7a S7b S7c

S8a S8b S8c

S9a S9b S9c




ua

ub
uc

 (2)

ii = STio (3)

where S is the transfer matrix and ST the transpose of the matrix S
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The RMS value of the output voltage in the three-to-nine-phase MC can reach up to 76,16% of the
input voltage [40].

3. Switching Configurations in the Three-to-Nine-Phase MC

There are 227 possible switching configurations resulting from the two-state work of switches,
but only 39 switching configurations are allowed to be used. This limitation results from the nature
of the power source at the input of the MC and the nature of the load. Input phases should not be
short circuited together, and output phases should not be interrupted under any condition, due to the
presence of an inductive load. The switching combinations of the connection between the nine output
phases and the three input phases in the MC can be analyzed in twelve groups (Table 1). Each of
these twelve groups contain three or six sub-groups. The names of the switching combinations in
sub-groups are {x,y,z}, where x, y and z represent the number of the output phases connected to input
phases a, b and c, respectively. For example, in group number 4 one of the sub-group is {7,1,1}, which
means that seven output phases are connected to the input phase a, one output phase is connected to
the input phase b, and one output phase is connected to the input phase c.

Table 1. Rotating space vectors in the three-to-nine-phase MC.

Group Number Sub-Groups Switching Combination
in one Sub-Group

Total Switching
Combinations

1 {9,0,0}; {0,9,0}; {0,0,9} 1 3

2 {8,0,1}; {8,1,0}; {0,1,8};
{0,8,1}; {1,8,0}; {1,0,8} 9 54

3 {7,0,2}; {7,2,0}; {2,7,0};
{2,0,7}; {0,7,2}; {0,2,7} 36 216

4 {7,1,1}; {1,7,1}; {1,1,7} 72 216

5 {6,0,3}; {6,3,0}; {0,6,3};
{3,6,0}; {3,0,6}; {0,3,6} 84 504

6 {6,1,2}; {6,2,1}; {1,6,2};
{2,6,1}; {1,2,6}; {2,1,6} 252 1512

7 {5,0,4}; {5,4,0}; {0,5,4};
{4,5,0}; {0,4,5}; {4,0,5} 126 756

8 {5,1,3}; {5,3,1}; {3,5,1};
{1,5,3}; {1,3,5}; {3,1,5} 504 3024

9 {5,2,2}; {2,5,2}; {2,2,5} 756 2268
10 {4,4,1}; {4,1,4}; {1,4,4} 630 1890

11 {4,3,2}; {4,2,3}; {3,4,2};
{2,4,3}; {2,3,4}; {3,2,4} 1260 7560

12 {3,3,3} 1680 1680

Summarized switching combinations 19,683

The analysis of all twelve groups allows to notice that only switching states from the group
number 12 can be used in elimination of the CMV. The CMV for nine output phases equals zero when
all of the three input phases take part in synthesizing the output voltage. To each input phase a, b and
c, any three of nine output phases have to be connected. This statement is correct when considering
the balanced and sinusoidal input voltage.

4. Output Voltage Space Vectors Eliminating the CMV

The output voltage of the three-to-nine-phase MC can be represented by usage of space vectors
(4).

→

Vxxxxxxxxx =
2
9

(
u1 + au2 + a2u3 + a3u4 + a4u5 + a5u6 + a6u7 + a7u8 + a8u9

)
(4)

where a = e j 2π
9 .



Energies 2020, 13, 631 6 of 20

Each of the instantaneous output voltages, u1, u2, u3, u4, u5, u6, u7, u8 and u9, is connected to

the one of the input phase voltages ua, ub or uc. The subscript “xxxxxxxxx” in the name
→

Vxxxxxxxxx

means appropriately the name of input phase chosen into output phases 1, 2, 3, 4, 5, 6, 7, 8 and 9, for

example, output voltage space vector
→

Vaaabbbccc. Assuming that the three-to-nine-phase MC is supplied
by balanced input voltage (5), the rotating voltage space vector could be seen as counterclockwise
(CCW) or clockwise (CW) rotating space vector.

ua

ub
uc

 =


Uim cos(ωit)

Uim cos(ωit− 120◦)
Uim cos(ωit + 120◦)

 (5)

where Uim is the amplitude of input voltage and ωi the angular frequency of input voltage.
The CCW and CW rotating space vectors can be defined as (6) or (7). A phase shift between each

of CCW or CW space vectors is 120◦.

→

Vabc = 2
3

(
ua + αub + α2uc

)
= Uime jωit

→

Vbca = 2
3

(
ub + αuc + α2ua

)
= Uime j(ωit−120◦)

→

Vcab = 2
3

(
uc + αua + α2ub

)
= Uime j(ωit+120◦)

(6)

→

Vacb = 2
3

(
ua + αuc + α2ub

)
= Uime− jωit

→

Vcba = 2
3

(
uc + αub + α2ua

)
= Uime− j(ωit+120◦)

→

Vbac = 2
3

(
ub + αua + α2uc

)
= Uime− j(ωit−120◦)

(7)

where α = e j 2π
3 .

Output voltage space vector representing a nine-phase output voltage (4) can be transformed

to a geometrical sum of input voltage space vectors (8). In (8), vectors named
→

V147,
→

V258 and
→

V369

are voltage space vectors representing output voltage for three phases appropriately indicted in the
subscripts. Those vectors can be CCW or CW rotating space vectors, and they can be described by

equations from (6) or (7), respectively. The subscript, e.g., “147” in the name
→

V147 means appropriately
the name of chosen output phases 1, 4 and 7.

→

Vxxxxxxxxx =
1
3

(
→

V147 +
→

V258e j40◦ +
→

V369e j80◦
)

(8)

The CMV is eliminated only when the input and output space vectors are rotating space vectors.

When
→

V147,
→

V258 and
→

V369 are rotating vectors, then output space vector
→

Vxxxxxxxxx is a rotating
vector too.

Performing a space vector analysis in Section 3, turned out to be helpful to find out which
switching states from the group number 12 should be used for eliminating the CMV.

Among 1680 switching combinations there are:

• 1458 combinations for the output voltage space vectors with variable both module and phase
angle on the complex plane;

• 162 combinations for active output voltage space vectors with variable modules and fixed phase
angle on the complex plane;

• 54 combinations for the output voltage represented by rotating voltage space vectors with constant
module and constant angular speed on complex plane;

• 6 combinations for zero output voltage space vectors.
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For the CMV elimination in the three-to-nine phase MC, 54 rotating vectors from the group 12 can
be used in modulation method. These 54 rotating output voltage space vectors can be divided into
three groups due to the values of modules (Table 2). A phase shift between space vectors in each group
is 40◦.

Table 2. Rotating space vectors of group 12 resulting in elimination of the common mode voltage
(CMV).

Clockwise Rotating Vectors (CW)
→

Vacb=Uime−jωit

Counterclockwise Rotating Vectors (CCW)
→

Vabc=Uimejωit

I Group

1
→

Vabbcaabcc = 0.293
→

Vacbe j180◦

2
→

Vabccabbca = 0.293
→

Vacbe− j20◦

3
→

Vaabccabbc = 0.293
→

Vacbe j20◦

4
→

Vbbcaabcca = 0.293
→

Vacbe j140◦

5
→

Vcabbcaabc = 0.293
→

Vacbe− j140◦

6
→

Vbccabbcaa = 0.293
→

Vacbe− j60◦

7
→

Vcaabccabb = 0.293
→

Vacbe j60◦

8
→

Vbcaabccab = 0.293
→

Vacbe j100◦

9
→

Vccabbcaab = 0.293
→

Vacbe− j100◦

1
→

Vaccbaacbb = 0.293
→

Vabce j180◦

2
→

Vacbbaccba = 0.293
→

Vabce− j20◦

3
→

Vaacbbaccb = 0.293
→

Vabce j20◦

4
→

Vccbaacbba = 0.293
→

Vabce j140◦

5
→

Vbaccbaacb = 0.293
→

Vabce− j140◦

6
→

Vcbbaccbaa = 0.293
→

Vabce− j60◦

7
→

Vbaacbbacc = 0.293
→

Vabce j60◦

8
→

Vcbaacbbac = 0.293
→

Vabce j100◦

9
→

Vbbaccbaac = 0.293
→

Vabce− j100◦

II Group

10
→

Vacacbcbab = 0.449
→

Vacb

11
→

Vcbabacacb = 0.449
→

Vacbe j160◦

12
→

Vbcbabacac = 0.449
→

Vacbe− j160◦

13
→

Vcacbcbaba = 0.449
→

Vacbe− j40◦

14
→

Vbacacbcba = 0.449
→

Vacbe j40◦

15
→

Vbabacacbc = 0.449
→

Vacbe j120◦

16
→

Vcbcbabaca = 0.449
→

Vacbe− j120◦

17
→

Vacbcbabac = 0.449
→

Vacbe− j80◦

18
→

Vabacacbcb = 0.449
→

Vacbe j80◦

10
→

Vababcbcac = 0.449
→

Vabc

11
→

Vbcacababc = 0.449
→

Vabce j160◦

12
→

Vcbcacabab = 0.449
→

Vabce− j160◦

13
→

Vbabcbcaca = 0.449
→

Vabce− j40◦

14
→

Vcababcbca = 0.449
→

Vabce j40◦

15
→

Vcacababcb = 0.449
→

Vabce j120◦

16
→

Vbcbcacaba = 0.449
→

Vabce− j120◦

17
→

Vabcbcacab = 0.449
→

Vabce− j80◦

18
→

Vacababcbc = 0.449
→

Vabce j80◦

III Group

19
→

Vaacccbbba = 0.844
→

Vacb

20
→

Vbbbaaaccc = 0.844
→

Vacbe j160◦

21
→

Vcbbbaaacc = 0.844
→

Vacbe− j160◦

22
→

Vacccbbbaa = 0.844
→

Vacbe− j40◦

23
→

Vaaacccbbb = 0.844
→

Vacbe j40◦

24
→

Vbbaaacccb = 0.844
→

Vacbe j120◦

25
→

Vccbbbaaac = 0.844
→

Vacbe− j120◦

26
→

Vcccbbbaaa = 0.844
→

Vacbe− j80◦

27
→

Vbaaacccbb = 0.844
→

Vacbe j80◦

19
→

Vaabbbccca = 0.844
→

Vabc

20
→

Vcccaaabbb = 0.844
→

Vabce j160◦

21
→

Vbcccaaabb = 0.844
→

Vabce− j160◦

22
→

Vabbbcccaa = 0.844
→

Vabce− j40◦

23
→

Vaaabbbccc = 0.844
→

Vabce j40◦

24
→

Vccaaabbbc = 0.844
→

Vabce j120◦

25
→

Vbbcccaaab = 0.844
→

Vabce− j120◦

26
→

Vbbbcccaaa = 0.844
→

Vabce− j80◦

27
→

Vcaaabbbcc = 0.844
→

Vabce j80◦

Space vectors presented in Table 2 divided into counterclockwise (CCW) and clockwise (CW)
rotating vectors are shown in Figure 2. It could be noted that direction of the rotation is the only
difference between space vectors in each group, because the length and initial phase angle are the same.
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Figure 2. Initial arrangement on complex plane of rotating voltage space vectors that are used to
eliminate the CMV in the three-to-nine-phase MC: (a) CCW; (b) CW.

The application of the chosen rotating voltage space vectors in modulation of the switch duty
cycles results in the zero CMV according to the formula (9).

uCMV =
u1 + u2 + u3 + u4 + u5 + u6 + u7 + u8 + u9

9
= 0 (9)

For example, the CMV for a rotating space vector
→

Vabbcaabcc equals 0 (10).

uCMV =
ua + ub + ub + uc + ua + ua + ub + uc + uc

9
= 0 (10)

5. Method of Modulation

To realize a synthesis of the output voltage with application of rotating voltage space vectors,
carrier-based implementation of the SVM is used. Venturini modulation functions [3] are utilized to set
out the switch duty cycles Snl. For the three-to-nine-phase MC with both symmetric sinusoidal input
and output voltages, with output amplitude and angular frequency indicated as Uo, ωo, the Venturini
modulation functions are indicated in relationships (11,12,13). The utilization of those modulation
functions (11,12,13) results in maximum voltage transfer ratio kU = 0.5 and possibility to control of the
input displacement angle in the range: −ϕo < ϕi < ϕo.

M = α1M− + α2M+ (11)
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M− =



m−1a(0) m−1b

(
6π
9

)
m−1c

(
−

6π
9

)
m−2a

(
−

2π
9

)
m−2b

(
4π
9

)
m−2c

(
−

8π
9

)
m−3a

(
−

4π
9

)
m−3b

(
2π
9

)
m−3c

(
−

10π
9

)
m−4a

(
−

6π
9

)
m−4b(0) m−4c

(
−

12π
9

)
m−5a

(
−

8π
9

)
m−6a

(
−

10π
9

)
m−7a

(
−

12π
9

)
m−8a

(
−

14π
9

)
m−9a

(
−

16π
9

)

m−5b

(
−

2π
9

)
m−6b

(
−

4π
9

)
m−7b

(
−

6π
9

)
m−8b

(
−

8π
9

)
m−9b

(
−

10π
9

)

m−5c

(
−

14π
9

)
m−6c

(
−

16π
9

)
m−7c

(
−

18π
9

)
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(
−

20π
9

)
m−9c

(
−

22π
9

)
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m+
1a(0) m+

1b

(
−

6π
9

)
m+

1c

(
−

12π
9

)
m+

2a

(
−

2π
9

)
m+

2b

(
−

8π
9

)
m+

2c

(
−

14π
9

)
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3a

(
−

4π
9

)
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(
−

10π
9

)
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(
−

16π
9

)
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(
−
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)
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(
−
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9

)
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(
−
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(
−

14π
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−
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−
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−
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−
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(12)

m−nl

(
x−i j

)
= 1

3

[
1 + 2kU cos

(
(ωo −ωi)t + x−i j

)]
m+

nl

(
x+i j

)
= 1

3

[
1 + 2kU cos

(
(ωo +ωi)t + x+i j

)]
kU = Uo

Ui
α1 = 1

2 (1 + θ) α2 = 1
2 (1− θ) θ =

tanϕi
tanϕo

(13)

It can be noted that when the MC synthesizes the output and input waveforms, and the input
displacement angle is ϕi = ϕo (α2 = 0), there are nine groups consisting of three identical modulation
functions (14). It is similar in case of ϕi = −ϕo (α1 = 0) (15). The implementation of the carrier-based
SVM allows for arbitrariness in switching duty cycles order for the switching period Ts. The same
waveform of some modulation functions enables such arrangement of the switch duty cycles during
Ts, that ensures utilization of the rotating voltage space vectors only. Modulation functions defined
in (14) give output voltages represented by CCW rotating voltage space vectors and lagging input
displacement angle. Modulation functions presented in (15) give output voltages represented by CW
rotating voltage space vectors and leading input displacement angle. Further the modulation method
with the use of the CCW modulation functions is named CCW method and CW method when the CW
modulation functions are used.

m−1a = m−4b = m−7c = 1
3 [1 + 2kU cos(ωo −ωi)t]

m−1b = m−4c = m−7a = 1
3

[
1 + 2kU cos(ωo −ωi)t + 6π

9

]
m−1c = m−4a = m−7b = 1

3

[
1 + 2kU cos(ωo −ωi)t− 6π

9

]
m−2a = m−5b = m−8c = 1

3

[
1 + 2kU cos(ωo −ωi)t− 2π

9

]
m−2b = m−5c = m−8a = 1

3

[
1 + 2kU cos(ωo −ωi)t + 4π

9

]
m−2c = m−5a = m−8b = 1

3

[
1 + 2kU cos(ωo −ωi)t− 8π

9

]
m−3a = m−6b = m−9c = 1

3

[
1 + 2kU cos(ωo −ωi)t− 4π

9

]
m−3b = m−6c = m−9a = 1

3

[
1 + 2kU cos(ωo −ωi)t + 2π

9

]
m−3c = m−6a = m−9b = 1

3

[
1 + 2kU cos(ωo −ωi)t + 8π

9

]

(14)
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m+
1a = m+

7b = m+
4c = 1

3 [1 + 2kU cos(ωo +ωi)t]
m+

1b = m+
7c = m+

4a = 1
3

[
1 + 2kU cos(ωo +ωi)t− 6π

9

]
m+

1c = m+
7a = m+

4b = 1
3

[
1 + 2kU cos(ωo +ωi)t + 6π

9

]
m+

2a = m+
8b = m+

5c = 1
3

[
1 + 2kU cos(ωo +ωi)t− 2π

9

]
m+

2b = m+
8c = m+

5a = 1
3

[
1 + 2kU cos(ωo +ωi)t− 8π

9

]
m+

2c = m+
8a = m+

5b = 1
3

[
1 + 2kU cos(ωo +ωi)t + 4π

9

]
m+

3a = m+
9b = m+

6c = 1
3

[
1 + 2kU cos(ωo +ωi)t− 4π

9

]
m+

3b = m+
9c = m+

6a = 1
3

[
1 + 2kU cos(ωo +ωi)t + 8π

9

]
m+

3c = m+
9a = m+

6b = 1
3

[
1 + 2kU cos(ωo +ωi)t + 2π

9

]

(15)

The block diagram of the carrier based SVM modulation strategy for output phase number “1” is
shown in Figure 3. The CCW modulation method is realized, so the modulation functions (14) are used
to find the discreet switching functions S1a, S1b and S1c. Application of the CCW method, using CCW
rotating voltage space vectors to eliminate the CMV, demands an assumption that the parameters
α1 = 1 and α2 = 0. Maximum value of the voltage transfer ratio kU(max) = 0.5.
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7 in Figure 4 correspond to the rotating voltage space vectors that are created for certain switching 
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6. Simulation Results 

For confirmation of theoretical and analytical investigations, the simulations of analyzed 
converter were performed using the three-to-nine-phase MC model prepared in ATP software. In 
Figure 5, power circuit of the tested converter is presented. The bidirectional switches are assumed 
to be ideal. In ATP, they are represented by time-controlled switches. The ideal sinusoidal 
three-phase voltage source is used as a supply. The nine-phase resistive-inductive load is used in 
the simulation model. 

The control with application of the carrier-based SVM with Venturini modulation functions is 
considered. In the Section 5 two methods, CCW method and CW method, are distinguished. For 
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Figure 3. Block diagram of the currier based CCW modulation for output phase number “1”.

The exemplary configuration of switch duty cycles during the period Ts is presented in Figure 4.
Carrier and modulating signals are compared to show switching combinations. Numbers from 1 to 7
in Figure 4 correspond to the rotating voltage space vectors that are created for certain switching states.
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Figure 4. Switch duty cycles in the three-to-nine-phase MC for CCW method. Numbers from 1 to 7

respond the rotating voltage space vectors
→

Vaaabbbccc,
→

Vababcbcac,
→

Vabbbcccaa,
→

Vbbbcccaaa,
→

Vbbcccaaab,
→

Vbcccaaabb

and
→

Vcccaaabbb, respectively. Simulation performed for output frequency 30 Hz and voltage transfer
ratio kU = 0.5.

6. Simulation Results

For confirmation of theoretical and analytical investigations, the simulations of analyzed converter
were performed using the three-to-nine-phase MC model prepared in ATP software. In Figure 5, power
circuit of the tested converter is presented. The bidirectional switches are assumed to be ideal. In ATP,
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they are represented by time-controlled switches. The ideal sinusoidal three-phase voltage source is
used as a supply. The nine-phase resistive-inductive load is used in the simulation model.Energies 2019, 12, x FOR PEER REVIEW 12 of 20 
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Figure 5. ATP simulation model of the three-to-nine-phase MC supplying nine-phase load. Input
voltages are named Ua, Ub and Uc, output voltages are named from U1 to U9.

The control with application of the carrier-based SVM with Venturini modulation functions is
considered. In the Section 5 two methods, CCW method and CW method, are distinguished. For each
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of those methods the Venturini functions are different. Thus, it is possible to perform simulations by
using CCW (14) or CW method (15).

The voltage difference between the star point of the load and the ground potential represents the
CMV of this converter topology.

Parameters of the source, load and control, that were used in the three-to-nine-phase MC simulation
model are presented in the Table 3.

Table 3. Parameters of the three-to-nine-phase MC simulation model.

Source

Input voltage Uf (phase RMS) 230 V
Input frequency f 50 Hz

Load

Resistance R 2 Ω
Inductance L 10 mH

Control

Carrier frequency fc 5 kHz
Output frequency fo 30 Hz

Voltage transfer ratio kU 0.5

Input displacement angle ϕi
for CW: ϕi = -ϕo
for CCW: ϕi = ϕo

Two SVM control methods are tested: CCW method and CW method. The first method is realized
with the use of modulation functions (13) and the CCW rotating voltage space vectors. It results in a
lagging input displacement angle (Figure 6a). The second method utilizes the modulation functions
(14) and the CW rotating voltage space vectors, which causes leading displacement angle (Figure 6b).

Fourier analysis of input current of phase a was performed and is presented in Figure 7. The analysis
was carried out with an accuracy of 10 Hz. For instance, 500th harmonic in Figure 7 should be treated
as a component with a frequency equal 5 kHz. It is shown that not only the fundamental but also
higher-order harmonics related to the switching frequency are present.

In Figure 8, the waveforms of output currents of phases from 1 to 9 are presented. The waveforms
are exactly the same for the CCW method and the CW method. It can be noted that the currents are
sinusoidal and the phase shift between each of phase output current is 40◦ (Figure 8).

It is shown in simulation results that the CMV elimination in the three-to-nine-phase MC is
achieved (Figure 9). For both CCW method (Figure 9a) and CW method (Figure 9b), the zero CMV
is achieved although the phase voltage is synthesized as short modulated in time pulses equal to
instantaneous input phase voltage. In the Fourier analysis of the phase output voltage (Figure 10),
it is showed that in addition to the fundamental, component waveforms contain harmonics centered
around the switching frequency.
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Figure 9. Waveforms of the phase output voltage (blue lines) and the CMV (red line) for (a) CCW
method and (b) CW method. Simulation performed for the output frequency fo = 30 Hz.

For the elimination of the CMV only rotating output space vectors are used. To show the
participation of the rotating voltage space vectors from particular groups (Table 2) in the synthesis of
the output voltage, the simulations for different values of the output frequency fo and voltage transfer
ratio kU were performed. Simulation results received for the voltage transfer ratio kU = 0.5 and different
values of the output frequency were performed for the CCW method (Figure 11) and the CW method
(Figure 12) for one period of output frequency. Additionally, in Figure 11, the rotating voltage space
vectors from group I, II and III are pointed out to make it easy to notice their trajectory. It could be
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seen that the participation of the rotating voltage space vectors from particular groups depends on the
relation between the input and the output frequency. It can be noted that for various values of the
output frequency, not all of the rotating voltage space vectors take part in the synthesis of the output
voltage. When the output frequency equals the input one, rotating voltage space vectors from groups I
and III are used. The rotating voltage space vectors from all three groups are used, when the output
frequency is different than input frequency. Analysis of the simulation results for different values of the
voltage transfer ratio and fixed output frequencies do not change this regularity (Figures 13 and 14).
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7. Conclusions

The DMC is an important converter topology with characteristics such as simple power circuit,
output voltage with variable amplitude and frequency, lack of DC-link capacitor, regeneration ability
and both sinusoidal source and load currents. Moreover, an important advantage of the DMC is that
the zero CMV can be realized without any hardware.

In this paper, it is assumed that the bidirectional switches are ideal and with zero on and off

switching time. Therefore, there is no need to consider a commutation strategy.
The carrier-based SVM with Venturini modulation functions has been successfully used for the

CMV elimination in the three-to-nine-phase DMC. The carrier-based SVM method does not need
any complicated calculations and is quite simple. Two modulation methods were investigated: the
CCW method and the CW method. Both of them result in synthesis of nine-phase output voltage
consisting of fundamental component and high frequency components concentrated near multiple
of switching frequency. In both methods, the zero CMV is achieved. In synthesis of the output
voltage, complete elimination of CMV is accomplished using the rotating voltage space vectors only.
Analysis of all possible configurations in the three-to-nine-phase MC is helpful to find 54 rotating
voltage space vectors with constant module and constant angular speed on complex plane that could
be used to eliminate the CMV. The use of Venturini modulation functions automates the choose of
appropriate vectors out of 54 distinguished ones in proposed carrier-based CCW and CW modulation
methods. A carrier-based implementation of the SVM by using rotating voltage space vectors only is
an alternative way to achieve the SVM that avoids trigonometric and division operations that could be
needed to implement the SVM using the general vector approach.

In the simulation results, it can be noted that only rotating voltage space vectors are used to
eliminate the CMV. Depending on the value of the output frequency and referenced output voltage,
not all of the rotating voltage space vectors are used. Nevertheless, the zero CMV is achieved in
any case.

Since the difference between the CCW and CW rotating voltage space vectors is a direction of
rotation, the CCW method results in lagging input displacement angle, and the CW method gives
leading input displacement angle, which was proved by simulation results. The presented CCW
method and the CW method that is implemented for the elimination of the CMV do not allow to
control the phase shift between input voltage and current. However, the use of both Venturini
modulation functions together makes it possible to control this value. This aspect will be investigated
in future research.
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