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Abstract

This paper presents Pulse Width Modulation (PWM) control technique for three to seven-phase ac-
to-ac power converters. These proposed PWM techniques are based on Indirect Space Vector
Modulation (ISVM), which model the converter as two independent stages perform rectification
and inversion stages. Two schemes of ISVM are proposed. The first scheme maximizes the voltage
transfer ratio (VTR) of the converter but it produces unwanted low order harmonics. The second
scheme generates sinusoidal output voltage waveforms; the cost is a reduction in the VTR of this
configuration in linear mode. The viability of the proposed technique is proved using experimental
results.
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I. Introduction

The application of power electronics converters in electric drives enables utilization of multiphase
AC motors with a phase number higher than three. Such motor drives are nowadays considered for
various applications due to their several advantages [1]-[3]. These advantages are inherent to the
own structure of the machine, such as reducing the amplitude and increasing the frequency of
torque pulsations and reducing the rotor harmonic current losses [4].The multiphase power
converters delivered the required power to such motors. A two-level or multilevel multiphase
inverter is the standard solution [5]-[8]. However it has the disadvantage of needing large storage
elements. This disadvantage is avoided by using the direct ac-to-ac converter. This converter is
called Matrix Converter (MC).The MC is a direct m-phase to n-phase converter, was firstly
investigated as a direct three- to three-phase converter in [9] and it steadily growth, pushed by the
progress of the power electronics technology.After almost three decades of intensive research, the
development of MC has been involved in industrial applications. The most common configuration
of the MC discussed in the literature is the three- to three-phase, little attention has been aid on the
development of MC with output more than three, such as [10]-[14].

This paper concerns with seven-phase MC. It is connects the three-phase power supply with the
seven-phase load directly. The advantages of this converter, when compared with the standard
seven-phase VSI are the absence of dc-link, sinusoidal input and output currents, possible power
factor control, four-quadrant operation, compact design, regeneration capability and it has no limit
on output frequency. However, its disadvantages are reduced maximum VTR, many switches
needed, increased complexity of control and sensitivity to input voltage disturbances. These
drawbacks are the same for three-phase MC, there are many published research work to solve such
problems [15]-[16] and it can be extended to seven-phase MC. In all, the progress of MC has
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significantly improved its performance, rendering it an acceptable choice for compact and
integrated converter-motor drives.

This paper proposes two SVPWM schemes of the seven-phase converter based on the direct
and indirect modulation. The direct SVM utilizes 2187 permitted switching combinations; it is
classified into eight groups. However, 1011switching vectors are suitable for the implementation.
The indirect SVM also presented. It is based on the indirect equivalent topology of the direct 3x7
phase MC, which model the converter as a three-phase rectifier followed by a seven-phase inverter.
Both of the two stages are space vector modulated. Two SVPWM schemes of the inverter stage are
introduced; one by considering only the outermost (two active) space vectors and the second is
considering six-active space vectors in each sector. The maximum voltage transfer ratio (VTR) of
this converter is 0.939 in linear mode using large space vectors only in the inverter stage. While,
the output phase voltages and currents contain a consider amount of third and fifth harmonics.
Sinusoidal output voltages and current are generated in use of six-active vector in the inverter
stage. The cost is a reduced VTR. It reduces to 0.7694. The modulation technique has been
implemented using Simulink. Then, the algorithm is compiled to real time system based on
DS1104 dSPACE GmbH card. The generated signals from the card are applied to the implemented
switching matrix through an interface circuit. Finally, the experimental results are presented and
discussed.

I1. Seven-Phase Matrix Converter Topology

The seven-phase MC utilizes 21" switches, as shown in Fig. 1. Each of the switches depicted is
a bidirectional switch (BDS), which are connected so that, any of the input phases (A, B & C) can
be connected to any of the output phases; (a, b, ¢ ... and g) for a given switching. The output
voltages (va tovg) are therefore derived directly from the input voltages (vatovc) using the
modulation matrix of the switches, S as follows:

[Va Vb Ve Va Ve Vi Vg]T = [S][Va VB Vc]T (1a)

On the other hand, the relation between the three-phase input currents and the seven-phase
output currents can be written as:

[iA ig ic]T = [SJT[la i, i 13 1. df ig]T (lb)

where S represents the switching states modulation matrix which can be written as:
-SEA SE.E‘ Sﬂf-
SbA 51:'3 Sbl‘_'
SG.A 5:3 Scf
[S1=|5qa ez Sac
SEA SEE 591’.’

Sra Srs S5c
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Fig. 1 The topology of 3x7 MC

I1l. Space Vector Modulation Algorithm

The SVM technique constructs the desired sinusoidal output voltage by selecting the valid
switching states of the converter and calculating their corresponding durations. In this paper the
SVM techniques for controlling the 3x7 MC are classified into Direct Space Vector Modulation
(DSVM) and Indirect Space Vector Modulation (ISVM). In the next sub-sections; only the valid
switching combinations of DSVM scheme are presented. However, the detailed analysis and
implementation of ISVM scheme are introduced.

A. DirectSpace Vector Modulation

With the 21" BDS, the MC has 22! (2,097,152) different switching states. Some of the basic
rules must be regarded at any switching time. These rules are: input phases must never be shorted
and output phases must not be left open, due to the inductive nature of the load. Observing these
rules, the states reduce to 37 (2187) different switching combinations. These switching
combinations can be classified into eight groups. The switching combinations are represented as
{P, Q, R}, where P, Q, and R represent the number of output phases connected to input phases A,
B, and C, respectively.

Group 1:All of the output phases are connected to the same input phase (A or B or C).
This group consists of three possible switching combinations. {7, 0, 0} represents the
switching conditions when all of the output phases connect to input phase A. {0, 7, 0}
represents the switching conditions when all of the output phases connect to input phase B.
{0, 0, 7} represents the switching conditions when all of the output phases connect to input
phase C. These vectors have zero magnitude and are called zero vectors.

Group2: Six of the output phases are connected to the same input phase, and the seventh
is connected to any of the other two input phases. In this manner, there exist six different
switching states ({6, 1, 0}, {1, 6, 0}, {1, O, 6}, {0, 1, 6}, {0, 6, 1}, and {6, O, 1}). Out of
these, one switching state can have further seven different combinations. This group hence
consists of 6 x7 = 42 switching combinations in all. These vectors have variable amplitude at
a constant frequency.

Group 3: Five of the output phases are connected to the same input phase, and the two
other output phases are connected to any of the other two input phases. As such, there exist
six different switching states ({5, 2, 0}, {2, 5, 0}, {2, 0, 5}, {0, 2, 5}, {0, 5, 2}, and {5, O,
2}). Out of these, one switching permutation can have further twenty-one different
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combinations. This group hence consists of 6 x 21 = 126 switching combinations. These
vectors also have variable amplitude at a constant frequency in space.

Group 4: Four of the output phases are connected to the same input phase, and the three
other output phases are connected to any of the other two input phases. As such, there exist
six different switching states ({4, 3, 0}, {3, 4, 0}, {3, 0, 4}, {0, 3, 4}, {0, 4, 3}, and {4, 0,
3}). Out of these, one switching permutation can have further thirty-five different
combinations. This group hence consists of 6 x 35 = 210 switching combinations. These
vectors also have variable amplitude at a constant frequency in space.

Group 5:Four of the output phases are connected to the same input phase. Moreover, two
of the output phases are connected to the other input phase and the remaining output phase is
connected to the remaining input phase. As such, there exist six different switching states
{4, 2,1}, {2,4,1}, {2, 1,4}, {1, 2, 4}, {1, 4, 2}, and {4, 1, 2}). Out of these, each switching
state can have further 105 different combinations. This group hence consists of 6 x 105 = 630
switching combinations. These vectors have variable-amplitude variable frequency in space.

Group 6:Five of the output phases are connected to the same input phase, and the two
other output phases are connected to the other two input phases, respectively. As such, there
exist three different switching states ({5, 1, 1}, {1, 5, 1}, and {1, 1, 5}). Out of these, each
switching state can have further 42 different combinations. This group hence consists of 3 x
42 = 126 switching combinations. These vectors have variable-amplitude variable frequency
in space.

Group 7:Three of the output phases are connected to the same input phase, and the other
three output phases are connected to the other input phase. Moreover, the remaining output
phase is connected to the other input phase. As such, there exist three different switching
states ({3, 3, 1}, {3, 1, 3}, and {1, 3, 3}). Out of these, each switching state can have further
140 different combinations. This group hence consists of 3 x 140 = 420 switching
combinations. These vectors have variable-amplitude variable frequency in space.

Group 8:Three of the output phases are connected to the same input phase, and the other
two output phases are connected to the other input phase. Moreover, the remaining two
output phases are connected to the other input phase. As such, there exist three different
switching states ({3, 2, 2}, {2, 2, 3}, and {2, 3, 2}). Out of these, each switching state can
have further 210 different combinations. This group hence consists of 3 x 210 = 630
switching combinations. These vectors have variable-amplitude variable frequency in space.

There are 2187 permitted switching combinations of the three-phase to seven-phase matrix
converter. However, in the proposed SVPWM strategy the switching vectors used for the SVPWM
technique are 1011. Only the switching states of groups 1, 2, 3, 4 and 5 have been utilized and it
can divided into the following:

Group 1: {7, 0, 0} consists of 3 vectors.

Group 2: {6, 1, 0} consists of 42 vectors.

Group 3: {5, 2, 0} consists of 126 vectors.

Group 4: {4, 3, 0} consists of 210 vectors.

Group 5: {4, 2, 1} consists of 630 vectors.

The digital implementation of this technique is difficult due to large number of the resulting
switching vectors. To avoid this difficulty, the indirect SVM (ISVM) technique has been used. This
technique is based on the indirect modulation of the MC and was firstly proposed in [17] for three-
to three-phase MC and extended to three- to five-phase MC in [10]-[11]. In the following, this
technique has been applied to the three- to seven-phase MC.
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B. Indirect Space Vector Modulation

This method to control the seven-phase MC actually corresponds to regard it as a combination
of virtual rectifier and inverter stages without any DC-Link as shown in Fig. 2. The rectifier stage
has the same topology of a three-phase rectifier with six switches (Si1-Se), and the Inverter stage has
a standard seven-phase VSI topology consisting of fourteen switches (S7-Sxo). The basic idea of
this technique is to decouple the control of the input current (control of rectifier stage) and the
control of output voltage (control of inverter stage). This is done by splitting the modulation
matrix, S for the converter into the product of a rectifier transfer function, R and an inverter
transfer function, I as follows;

S=1ILR )
[Sca Sap  Jac] 5. Sg -
Spa Ser Suc Sg Sy
5 5 5 o
55A 5.:3 Scr_‘ B F11 Fi2 s, S So
dA dE dc | = |13 e [ X | o ¢ 3)
SEIA SEI.E‘ SEC F15 Fi1e * &
Sea Sis Spc il? ils
154 Sgs Sac 1% 20-
N
\ 51\ 33\ Ss \S?\ Sg\ 811\ 813\ 815\ 817\ S19
a
— b
A [ C
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Fig. 2 Indirect equivalent model of Seven-Phase MC
1. Space Vector Rectifier (SVR):

The rectifier switchescan have only possible nine allowed combinations (active vectors, 11 - lg
and zero vectors, 17 - lo) as represented in Fig. 3 [18]. The reference input current vector (Ii*) is
synthesized by impressing the adjacent switching vectors I, and |5 with the duty cycles d, and ds,
respectively as follows;

Iiw=d,. I, +ds.Is +d,.1, 4)

Thus, the duty cycles are written as;
d, = m,.sin(n/3 - 8,)
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d; =m_.sin (6,) (5)

The duration of the zero-vector is calculated by;
doc =1- [:d}r + dé':] (6)

where, 6c indicates the angle of reference current vector within the actual hexagon sector, mc is
the current modulation index and defines the desired current transfer ratio such as;

0<me<1 &m.=1I,/l, )

[

The virtual average DC-link voltage (Vpc) is calculated by using the fact that there are no
reactive elements in the MC. This means, the input power flow, the virtual DC power flow and the
output power flow are equal at any instant. Therefore, the Vpc expression as a function of peak
input phase-voltage (¥, ), mc and input current displacement angle (gin) is;

Voc = 3/2Vym, cos(g;,) (8)
2. Space Vector Inverter (SVI)

SVM techniques in the standard seven-phase inverter are reported in many researcher works
such as [19-22]. However, it has reproduced here to modulate the inverter stage of the indirect
equivalent model of a seven-phase MC.

The seven-phase inverter switches have only 128 (27) allowed switching states. These states
produce 126 active voltage vectors (V1 to Vi26) and two zero vector V; (Vo and Vi27) as represented
in the fourteen sided polygons (tetra-decagon) of Fig. 4 [22].

The voltage vectors shown have eight levels. While, the space vectors plane can be divided into
14 sectors (each spanning n/7). The reference voltage vector (V,*) is synthesized by impressing the
adjacent voltage vectorsV,, Vg and V; with the duty cycles d,, dg and dov respectively as follows;

Vi=d,. V,+dg.Vp +d,,.V, 9)

ls(c,b)
Fig. 3 Rectifier current hexagon
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Fig. 4 The tetra-decagonof inverter stage

Assuming that, only space vectors with the largest magnitude are involved in the PWM pattern

(Fig. 5).
Such an approach, used on [10] for a five-phase MC. Thus, the duty cycles in sector 1 are

defined as;
d, = m,.sin(w/7—6,)

dp =m,.sin (8,) (10)

The duration of the zero-vector is calculated by;
dy, =1 —(d, + dp) (12)

where, 6y indicates the angle of reference voltage vector within the actual tetra-decagon sector,
my defines the desired voltage modulation index such as;

m, = V; [[Vsin (7/7)] (12)

wherev, =0.642Vqc represents magnitude of the largest space vectors. From the inverter stage
tetra-decagon of Fig. 4, the maximum allowable length of reference vector Vi* which provides
linear modulation (circle inscribed in tetra-decagon (m,, = 2.247)) is equal to;

Ve ee = Vicos(m/14) = 0.6259V,- (13)

T

d,V, Vi
Fig. 5 Only space vectors with the largest magnitude are involved in sector 1
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However, the maximum peak fundamental output in fourteen-step operation mode is 2/zVpc.
Thus, the ratio of the maximum possible fundamental output voltage with SVM using large vectors
and in fourteen-step mode is 98.3%. The switching pattern for sector 1 is illustrated in Fig. 6,
showing seven leg voltages. It is important to note that the three legs (a, b and g) have same pattern
and three other legs (d, e and f) have same pattern. In other word, it can be said that these legs are
turned off simultaneously. The output voltage generated by this method contains a significant
amount of lower order harmonic especially third and fifth [22].

4 2 2 2 2 2 4
a 0 1 1 1 1 1| o
b 0 i 1 1 1 1 0
c 0 ol 1 1 1 1]o0 0
d 0 o of| 1 Jo o 0
e 0 o of| 12 Jo o 0
f 0 o o 1 o o 0
g o |1 1 1 1 1] o0

Va1=V51=O.286VdC

V42=V/;2=0.515Vdc

Y V,a=Vje=0.642Vy,

o Vigy, V% —- d;
Vs Vs Vo7

Fig. 7 Principle of calculation of times of application of active space vectors

To provide symmetrical PWM pattern with single commutation in each inverter leg over the
switching period, starting from (0000000) up to (1111111) and vice versa, six active space-vectors
(n—1 vectors, n is the number of phases) are selected in each sector [19] (Fig. 7). Calculated duty
cycles of space vectors v, and vg must be properly distributed among active space vectors,
satisfying constraints given with;

drx = drxl + drﬂ + l:irxlil

Different schemes are used to determine the duty cycles of each vector. Here, a proportional
subdivision of switching times method is applied. This method is based on the subdivision of total
time into times for application of the selected space vectors as follows;
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dﬂ:i = dﬂclﬂﬁcil.f(lﬂncil + |yrx2| + |yn:3|j

drx; = dglv.ﬂ |.}I(|vr11| + |vrﬂ| + |1",_-,:3|j

A

drxﬁ = dﬁ:lvga |.}I(|vr11| + |vrﬂ| + |1",_-,:3|j

dgy = dg |vga|/([ves| + |vg2| + [vgsl)

dgy = dg[vga|/([ves| + || + [ves|)

dgy = dg v/ ([vps| + [v2| + [vgs]) (15)
This yield,;

dys/d, = dgy/dy = 0.198

dys/d, = dgy/dy = 0357

dya/d, = dga/dy = 0.445 (16)

The duty ratio of zero vectors is now given as;

Owing to the above sub-division, the reference voltage vector in sector 1 is synthesized by
impressing the adjacent voltage vectors and V; with the duty cycles in (16)-(17) as follows;

V: = ?:1 {dai'vﬂii + dﬂi'vﬁie}?) + dﬂy.Vg (18)

After substituting the duty ratios expressions (15)-(17) into (18), the output phase voltage (Vo)
of the inverter stage is;

Vo =V ﬁ{sm (; - E‘F) + sin(6,) ejl?z} glwt (19)

The aforementioned expression indicates that the maximum output fundamental phase voltage
(|Vo'| at 6= /14) only 81.96% of the input reference voltage value (V,"). From (13), the maximum
achievable output fundamental voltage can be obtained from the following;

Ve . = 0.8196 X Vicos(m/14) = 0513V, (20)

o,max

The ratio of the maximum fundamental using large space vector only to that using six active
vectors is 122%. Thus, the reference voltage magnitude has to be scaled with the factor 1/0.8196 =
1.22 in order to get the desired fundamental at the output. The switching pattern for sector 1 using
this method is illustrated in Fig. 8.
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3. Maximum VTR of the Seven-phase Matrix Converter

Based on the indirect modulation, there are two VTRS to be controlled in the matrix converter;
the inverter side VTR, Mi (V nax/ Vo )and the rectifier side VTR, Mg (V- /¥, )- The VTR of the

MC, M is the product of these VTRS;
M= Mg X M, (21)

In the case of using two-active space vectors in controlling the inverter side, the maximum
obtainable VTR is 0.939 for unity input displacement factor and unity input current modulation
index. While, In the case of using six-active space vectors, the maximum obtainable VTR is
0.7695.

o s G G O Az dn o O Gz O o G G
4, 212|222, 2 2|2 2 2|2 2|24

a | |11 |1 1 1 1 1

b 1,1, 11 11|11 |1]|1 1

c 1,211 |1 1|11

d 1011

e 1

f 1 |1 |1} 1| 1

g 1,111 |1 |1} 1 1| 1|1

Fig.8 switching pattern related to sector 1 for SVPWM with six active vectors

IV. Experimental Results

To testify the converter behavior, the output phases (a-g) of the converter are connected to the
passive load (144 Q and 0.25 H). A small input voltage supply of 100 Volts/line at 50Hz is applied.
The reference input current displacement angle adjusted to zero, which achieves maximum
available VTR of the converter. The switching frequency is 1 kHz and the sampling time is
200psec due to the controller capability.

Fig. 9 describes the experimental results of output line voltages waveforms at 20 Hz and its
spectrum. It is clear to see that, the phase angle between the two voltages is 27/7.

However, Fig. 10 shows the experimental results of the load currents waveforms and its
spectrum analysis. shows the supply voltage and unfiltered input current waveforms. It is clear that,
the fundamental component of the input current is approximately in phase with the input phase
voltage. This is owed to adjusting displacement angle to zero.The experimental results prove the
viability of the proposed SVPWM technique for the seven-phase MC.
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CH1: 100.000V/DIV DC CH2: 100.000V/DIVDC TBA: 20 ms TR: CH1+AC |
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Line voltage (V)
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Fig. 9 Output voltages waveforms at f, = 20Hz. (Upper trace) line-voltages and (Bottom
trace) its spectrum.

VAN AN RN N
AN VIRNYAN N

Load current (A)

h

Fig. 10 Experimental results of load currents waveforms at fo = 20Hz.
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N/ ./ 1/
Fig. 11 Experimental results of input voltage and current waveforms.

V. Conclusion

This paper presents the SVM techniques to control the three-phase to seven-phase matrix
converters. The switching vectors of the direct modulation are introduced and classified into eight
groups. Five groups only are suggested to implement the direct space vector modulation. The
indirect space vector modulation is proposed and implemented. Two SVM schemes of controlling
the seven-phase inverter stage are introduced. One has two active vectors. The maximum
obtainable voltage transfer ratio using this method is 0.939 for linear modulation. This scheme
leads unwanted low order harmonic in the output voltages and currents. However, the second
scheme generates sinusoidal output waveform. The voltage ratio of the converter is reduced to
0.7695. The converter prototype has been implemented using discrete semiconductors. The
feasibility of the proposed technique has been verified through experiments.
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