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Abstract
This paper analyses a simple space vector PWM (3W)Rtheme for a seven-phase voltage source invektefirst
the conventional method of producing sinusoidapatitvoltage by utilizing six active and a zero apaectors are used to
synthesis the input reference and then new PWM stlalted time equivalent space vector PWM is presenA comparison
of the proposed scheme with the conventional scliepresented based on various performance indiEgtensive Simulation
results are provided to validate the findings.
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1. Introduction

Speed controlled electric drives predominatelyisgithree-phase ac machines. However, since thebl@ar
speed ac drives require a power electronic convarterface, the number of machine phases may adinfited to
three. This has led to an increase in the intareshulti-phase (more than three-phase) ac driveieatjons,
especially in conjunction with traction, EV/HEVsdelectric ship propulsion. Multi-phase machineientome
inherent advantages over their three-phase cowrterguch as increase in the frequency of torgusaton,
reduction in the size of the machines, greatett taldrance and reduction in power switch ratingofiverter etc..
Supply for a multi-phase variable speed drive igh@ majority of cases provided by a Voltage Sourerter
(VSl).

There are two methods of controlling the outputage and frequency of inverters namely: square wave
mode and pulse width modulation mode. A number\iMPtechniques are available to control a three-ph&SI
[1]. However, Space Vector Pulse Width Modulati®@®/PWM) has become the most popular one becaudeeof t
easiness of digital implementation and better D€ dttilisation, when compared to the ramp-comparsnonsoidal
PWM method. SVPWM for three-phase voltage soureerter has been extensively discussed in the tiitezd1]. .
SVPWM for a five-phase inverter is taken up in [2a8d SVPWM for six-phase inverters are elaboragd0-13].
Seven-phase inverter for a seven-phase brushles®tdr is illustrated in [14] and space vector PWiVpenerate
sinusoidal output is elaborated in [15-16]. Morartlseven-phase for instance nine-phase [17] arlde\pbase [18]
inverters are also available in the literatureptimciple, there is a lot of flexibility available choosing the proper
space vector combination for an effective contfahalti-phase VSIs because of a large number ofespectors.

This paper analyses SVPWM technique to provideabéei voltage and frequenoutput from a seven-
phase VSI. Modelling of a seven-phase VSl is ree@n terms of space vector representation. Theehwintained
is decomposed into six two dimensional orthogomalce. The switching combinations yield 128 spacstove
spanning over fourteen sectors. The six activeoveagplication (conventional) yields sinusoidalputvoltages A
new scheme is proposed in this paper termed as Equivalent Space Vector PWM. In this scheme thiangdime
of each power switch is obtained by using referemgtéage magnitude only. The complex implementatidn
conventional SVPWM is thus avoided. The analysisdime in terms of quality of output voltages ane th
implementation approach. A comparison is done lier donventional scheme and proposed TESVPWM scheme.
Simulation results are provided to support the wital and theoretical findings.

2. Modelling of a Seven-Phase VS

Power circuit topology of a seven-phase VSl is shawFig. 1. Each switch in the circuit consiststwb
power semiconductor devices, connected in antilghr®ne of these is a fully controllable semicantbr, such as
a bipolar transistor or IGBT, while the second ém@ diode. The input of the inverter is a dc vgpdtawhich is
regarded further on as being constant. The investéputs are denoted in Fig. 1 with lower case symb
(a,b,c.d,ef,y while the points of connection of the outputs itwerter legs have symbols in capital letters
(A,B,C,D,E,F,G. A complete space vector model of a seven-phaSki¥ reported in [19]. A brief review is
presented here. The total number of space vectaitahle in a seven-phase VS| i5228. Out of these 128 space
voltage vectors, 126 are active and two are zeagespectors and they form nine concentric polygun®urteen
sides in d-q plane with zero space vectors at tiggncas shown in Fig-2.
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Figure 1. Seven-phase voltage source inverter poinerit
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Figure 2. Phase-to-neutral voltage space vectorstétes 1-128 (states127-128 are at originl-grplane

However, since a seven-phase system is under esasih, one has to represent the inverter spactenge
in a seven-dimensional space. Such a space capdmngosed into three two-dimensional sub-spates &-y:
and x»-y») and one single-dimensional sub-space (zero-segyie8ince the load is assumed to be star-connected
with isolated neutral point, zero-sequence caneaiiited and it is therefore sufficient to considely three two-
dimensional sub-spaces,q, X;-y;: andx»-Y,. Inverter voltage space vectordrg sub-space is given with [20],

qu=(2/7)(va +ay, +aV, +aly +a Ve +avs + a*vg) 1)

wherea = el 277 32 =l 4717 33 =el®7/73nd * stands for a complex conjugate. On the basithe general
decoupling transformation matrix for amphase system, inverter voltage space vectors ins#wond two-
dimensional sub-spacgi{y;) and the third two-dimensional sub-spaxey,) are determined with,

Viayr = (2/7)(\/a + a2Vb + a4vC + aevd +avg + ;;13\/f + a5vg )

6 2 5 4

_ 3
szyz—(2/7)(Va+a Vp +a Ve +a‘vy +a’vg tavy +a Vg) (2)
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Figure 4. Phase-to-neutral voltage space vectorstétes 1-128 (states127-128 are at origimy-y» plane

The zero-sequence component is identically equaleto because of the assumption of isolated neutral
point. The phase voltage space vectors in two gdhal planes, obtained using (1), are shown in.Bgs4. It can
be seen from Figs. 2, 3 and 4 , the vector mapipingq axis, x1-y1 axis and x2-y2 axis. There aréotal fourteen
distinct sectors with 25.71428@r/7 radians) spacing. The inner-most space veatodsg plane are redundant and
are therefore omitted from further discussion. Tikig1 full compliance with observation of [17], ete it is stated
that only subset with maximum length vectors havéd used for any given combination of the switclhes are
‘on’ and ‘off’ (3-4 and 4-3 in this case). The middegion space vectors correspond to two switdtedsg ‘on’
from upper (lower) set and five switches being@fm lower (upper) set or vice-versa and one slibeing ‘on’
from upper (lower) set and six switches being ‘@®m lower (upper) set or vice-versa. In whatdolk, the vectors
belonging to the middle region are simply termeddim and small vectors, while the vectors of théepmost
region are called large vectors.
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Table 1 - magnitude and phase angle of vectodsgnx-y; andx-y, axis
Decimal Binary d-g axis %-y1 axis %-Y, axis
Value Equiv. Magnitude Angle Magnitude Angle Magnitude Angle
(p.u.) (degree) (p.u.) (degree) (p.u.) (degree)
0 0000000 0 0 0 0 0 0
1 0000001 0.2857 -51.4286 0.2857 -102.857 0.2857 54.286
2 0000010 0.2857 -102.857 0.2857 154.2857 0.2857 4286
3 0000011 0.5148 -77.1429 0.3563 -154.286 0.1271 8.5724
4 0000100 0.2857 -154.286 0.2857 51.4286 0.2857 2.850
5 0000101 0.3563 -102.857 0.1271 -25.7143 0.5148 28.571
6 0000110 0.5148 -128.571 0.3563 102.8571 0.1271 5.7123
7 0000111 0.642 -102.857 0.1586 154.2857 0.2291 8.572
8 0001000 0.2857 154.2857 0.2857 -51.4286 0.2857 2.8501
9 0001001 0.1271 -128.571 0.5148 -77.1429 0.3563 4.2857
10 0001010 0.3563 -154.286 0.1271 -128.571 0.5148 7.1429
11 0001011 0.404 -110.705 0.404 -110.705 0.404 7048.
12 0001100 0.5148 180 0.3563 0 0.1271 180
13 0001101 0.404 -146.438 0.404 -43.5809 0.404 AB3R
14 0001110 0.642 -154.286 0.1586 51.4286 0.2291 1479.
15 0001111 0.642 -128.571 0.1586 -77.1429 0.2291 4.2857
16 0010000 0.2857 102.8571 0.2857 -154.286 0.2857 51.4286
17 0010001 0.1271 25.7143 0.5148 -128.571 0.3563 02.857
18 0010010 0.1271 -180 0.5148 180 0.3563 0
19 0010011 0.2291 -77.1429 0.642 -154.286 0.1586 1.4286
20 0010100 0.3563 154.2857 0.1271 128.5714 0.5148 77.1429
21 0010101 0.1586 -154.286 0.2291 -128.571 0.642 02.867
22 0010110 0.404 -162.133 0.404 146.438 0.404 809.5
23 0010111 0.404 -120.724 0.404 -172.152 0.404 9%A.
24 0011000 0.5148 128.5714 0.3563 -102.857 0.1271 5.7123
25 0011001 0.2291 128.5714 0.642 -102.857 0.1586 54.286
26 0011010 0.404 162.1334 0.404 -146.438 0.404 809.5
27 0011011 0.2291 -154.286 0.642 -128.571 0.1586 .1479
28 0011100 0.642 154.2857 0.1586 -51.4286 0.2291 7.1429
29 0011101 0.404 172.1523 0.404 -84.9905 0.404 .#220
30 0011110 0.642 180 0.1586 180 0.2291 0
31 0011111 0.5148 -154.286 0.3563 -128.571 0.1271 102.857
32 0100000 0.2857 51.4286 0.2857 102.8571 0.2857 4.2857
33 0100001 0.3563 0 0.1271 180 0.5148 180
34 0100010 0.1271 -25.7143 0.5148 128.5714 0.3563 02.8571
35 0100011 0.404 -43.5809 0.404 162.1334 0.404 4386.
36 0100100 0.1271 128.5714 0.5148 77.1429 0.3563 54.286
37 0100101 0.1586 -51.4286 0.2291 77.1429 0.642 4.285
38 0100110 0.2291 -128.571 0.642 102.8571 0.1586 4.2857
39 0100111 0.404 -84.9905 0.404 120.7238 0.404 15722
40 0101000 0.3563 102.8571 0.1271 25.7143 0.5148 8.5124
41 0101001 0.1586 51.4286 0.2291 -77.1429 0.642 .2857
42 0101010 0.1586 154.2857 0.2291 128.5714 0.642 2.8501
43 0101011 0.1586 -77.1429 0.2291 -154.286 0.642 8.5724
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44 0101100 0.404 146.438 0.404 43.5809 0.404 182.13
45 0101101 0.1586 180 0.2291 0 0.642 180
46 0101110 0.404 -172.152 0.404 84.9905 0.404 228.7
47 0101111 0.3563 -128.571 0.1271 102.8571 0.5148 54.2857
48 0110000 0.5148 77.1429 0.3563 154.2857 0.1271 28.571
49 0110001 0.404 43.5809 0.404 -162.133 0.404 4B&6.
50 0110010 0.2291 77.1429 0.642 154.2857 0.1586 4286.
51 0110011 0.2291 0 0.642 180 0.1586 -180
52 0110100 0.404 110.7048 0.404 110.7048 0.404 JFDEO0
53 0110101 0.1586 77.1429 0.2291 154.2857 0.642 8.512
54 0110110 0.2291 154.2857 0.642 128.5714 0.1586 7.1429
55 0110111 0.1271 -102.857 0.5148 154.2857 0.3563 128.571
56 0111000 0.642 102.8571 0.1586 -154.286 0.2291 8.5724
57 0111001 0.404 84.9905 0.404 -120.724 0.404 $523.1
58 0111010 0.404 120.7238 0.404 172.1523 0.404 968.9
59 0111011 0.1271 102.8571 0.5148 -154.286 0.3563 28.5714
60 0111100 0.642 128.5714 0.1586 77.1429 0.2291 4.286
61 0111101 0.3563 128.5714 0.1271 -102.857 0.5148 154.286
62 0111110 0.5148 154.2857 0.3563 128.5714 0.1271 02.8%71
63 0111111 0.2857 -180 0.2857 180 0.2857 -180
64 1000000 0.2857 0 0.2857 0 0.2857 0
65 1000001 0.5148 -25.7143 0.3563 -51.4286 0.1271 77.1429
66 1000010 0.3563 -51.4286 0.1271 77.1429 0.5148 .7128
67 1000011 0.642 -51.4286 0.1586 -102.857 0.2291 .7128
68 1000100 0.1271 -77.1429 0.5148 25.7143 0.3563 1.4286
69 1000101 0.404 -59.2762 0.404 -7.8477 0.404 095.0
70 1000110 0.404 -95.0095 0.404 59.2762 0.404 1.84
71 1000111 0.642 -77.1429 0.1586 25.7143 0.2291 4286
72 1001000 0.1271 77.1429 0.5148 -25.7143 0.3563 4286
73 1001001 0.2291 -25.7143 0.642 -51.4286 0.1586 2.8501
74 1001010 0.1586 -102.857 0.2291 -25.7143 0.642 4286
75 1001011 0.404 -69.2952 0.404 -69.2952 0.404 962.2
76 1001100 0.2291 180 0.642 0 0.1586 0
77 1001101 0.2291 -102.857 0.642 -25.7143 0.1586 28.5T1
78 1001110 0.404 -136.419 0.404 17.8666 0.404 23.56
79 1001111 0.5148 -102.857 0.3563 -25.7143 0.1271 1.4286
80 1010000 0.3563 51.4286 0.1271 -77.1429 0.5148 5.7123
81 1010001 0.404 7.8477 0.404 -95.0095 0.404 -62.27
82 1010010 0.1586 0 0.2291 180 0.642 0
83 1010011 0.404 -33.562 0.404 -136.419 0.404 666.8
84 1010100 0.1586 102.8571 0.2291 25.7143 0.642 4286
85 1010101 0.1586 -25.7143 0.2291 -51.4286 0.642 7.1429
86 1010110 0.1586 -128.571 0.2291 102.8571 0.642 5.7123
87 1010111 0.3563 -77.1429 0.1271 -154.286 0.5148 51.4286
88 1011000 0.404 95.0095 0.404 -59.2762 0.404 7.847
89 1011001 0.2291 51.4286 0.642 -77.1429 0.1586 7128
90 1011010 0.1586 128.5714 0.2291 -102.857 0.642 .7128

Space Vector Pulse Width Modulation Scheme for a Seven-Phase Voltage ....

(Mohd. Arif Khan)



12 a8 ISSN: 2088-8694
91 1011011 0.1271 -51.4286 0.5148 -102.857 0.3563 5.7123
92 1011100 0.404 136.4191 0.404 -17.8666 0.404 5623.
93 1011101 0.1271 154.2857 0.5148 -51.4286 0.3563 77.1429
94 1011110 0.3563 180 0.1271 0 0.5148 0
95 1011111 0.2857 -128.571 0.2857 -77.1429 0.2857 25.7143
96 1100000 0.5148 25.7143 0.3563 51.4286 0.1271 1429.
97 1100001 0.642 0 0.1586 0 0.2291 180
98 1100010 0.404 -7.8477 0.404 95.0095 0.404 59.276
99 1100011 0.642 -25.7143 0.1586 128.5714 0.2291 2.8501
100 1100100 0.2291 25.7143 0.642 51.4286 0.1586 2.850
101 1100101 0.404 -17.8666 0.404 33.562 0.404 41736.
102 1100110 0.2291 -51.4286 0.642 77.1429 0.1586 .7123
103 1100111 0.5148 -51.4286 0.3563 77.1429 0.1271 154.286
104 1101000 0.404 59.2762 0.404 7.8477 0.404 95.009
105 1101001 0.404 17.8666 0.404 -33.562 0.404 186.4
106 1101010 0.1586 25.7143 0.2291 51.4286 0.642 1429.
107 1101011 0.3563 -25.7143 0.1271 -51.4286 0.5148 102.8571
108 1101100 0.2291 102.8571 0.642 25.7143 0.1586 8.5124
109 1101101 0.1271 0 0.5148 0 0.3563 180
110 1101110 0.1271 -154.286 0.5148 51.4286 0.3563 7.1429
111 1101111 0.2857 -77.1429 0.2857 25.7143 0.2857 28.5714
112 1110000 0.642 51.4286 0.1586 102.8571 0.2291 5.7123
113 1110001 0.642 25.7143 0.1586 -128.571 0.2291 02.857
114 1110010 0.404 33.562 0.404 136.4191 0.404 63.86
115 1110011 0.5148 0 0.3563 180 0.1271 0
116 1110100 0.404 69.2952 0.404 69.2952 0.404 969.2
117 1110101 0.3563 25.7143 0.1271 51.4286 0.5148 02.857
118 1110110 0.1271 51.4286 0.5148 102.8571 0.3563 25.7143
119 1110111 0.2857 -25.7143 0.2857 128.5714 0.2857 -77.1429
120 1111000 0.642 77.1429 0.1586 -25.7143 0.2291 4286
121 1111001 0.5148 51.4286 0.3563 -77.1429 0.1271 54.2857
122 1111010 0.3563 77.1429 0.1271 154.2857 0.5148 1.4286
123 1111011 0.2857 25.7143 0.2857 -128.571 0.2857 7.1429
124 1111100 0.5148 102.8571 0.3563 25.7143 0.1271 51.4286
125 1111101 0.2857 77.1429 0.2857 -25.7143 0.2857 128.571
126 1111110 0.2857 128.5714 0.2857 77.1429 0.2857 5.7123
127 1111111 0 0 0 0 0 0

3. Conventional Space Vector PWM Scheme

As emphasised in [17], the number of applied activace vectors for multi-phase VSI with an odd phas
number should be equal ('m)— 1), n is the number of phases of inverter, for sinudaiddput. This means that one

needs to apply six active vectors in each switchiagod, rather than two or four for obtaining soigdal output.
Thus six active vectors and one zero vector is @lmde implement the SVPWM. The switching patterd éme
sequence of the space vectors for this schemtusdrdted in Fig. 5. It is observed from the shig pattern of
Fig. 5 that the switching in all the phases arggdaed i.e. all switches change state at diffarestants of time. The
total number of switching in each switching periedstill twenty-eight, thus preserving the requimhthat each
switch changes state only twice in a switchingquri

Using equal volt-second criterion, For sector & tbllowing is obtained;

IJPEDS Vol. 1, No. 1, September 2011 : 7-20
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Vg_q = 06420, + 051485 + 0.2857,
Vyqy1 = 0.15869; — 0.3563),5 + 0.2857, @)
Vyzy = —0.22913; + 0127235 + 0.28570;,

Where 9,, J,5, d,, are duty cycles and suffixes denote the vectorbrarg) their co-efficiants are their respective

magnitudes and negative sign showing their direstiwhich is opposite to normal direction. Solvieguation (6)
for J,,0,5 and d;; by assumingv,y_,= 0.513 p.u. (maxium achievable output voltage) and,, and v,,_,,

equal to zero, one gets; = 0.43338,5,5 = 0.3484 and;; = 0.1926. The time of application of zero spacetmes

is now given astg =tg—ty —top—tg—ty—tp—ty: wherel,,, t,, t.s, ty, ty, andtyzare timings of vectors

respectively.
It is seen that the maximum available output vatagth this SVPWM method is 0.513V.

Sector |
Lo tas Be ta o laa te to Gyt Ul T tes fo
4 2 2 2 2 2 2 2 2 2 2 2 2 4

[

< <
L__ T

.

<

[

| L !

0 64 96 97 113115 123 § 123 115113 97 96 64 O
Vectors

Figure 5 Switching pattern and space vector disjposfor one cycle of operation

4. Proposed Time Equivalent Space Vector PWM Scheme

The presented modulation called here “Time EquivaBpace Vector PWM (TESVPWM)” utilises simply
the sampled reference voltages to generate theggtithe for which each inverter leg to yield sinigso output.
This method is an extension of the technique d@ezldor a three-phase VSI [20]. The major advantdtgred by
the proposed scheme is its flexible nature as a¢ilme of “effective time” within the switching ped results in
various types of PWM scheme such as carrier-baS¥®PWM and discontinuous modulation. Additionallyeth
computation time is greatly reduced as the sedentification and reference of lookup table is need in the
proposed algorithm contrary to the conventional B techniques elaborated in the previous sectianthie
proposed algorithm the reference voltages are saimal fixed time interval equal to the switchinmei of the
inverter. The sampled amplitudes are convertedguivalent time signals. The time signals thus olgdi are
imaginary quantities as they will be negative fegative reference voltage amplitudes. Thus a tiffeebis added
to these signals to obtain the real gating timeaufh inverter leg. This offset addition centersdbtive switching
vectors within the switching interval offering higlerformance PWM similar to SVPWM. The algorithmgisen
below, WhereVx; x=a,b,c,d,e,f,gis the sampled amplitudes of reference phasege# during sampling interval
and Ts is the inverter switching periodl,; x=a,b,c,d,e,f,g;are referred as time equivalents of the sampled
amplitudes of reference phase voltaggsy and T, are the maximum and minimum valuesTofduring sampling
interval. T, is the time duration for which the zero vectorafplied in the switching intervalygseis the offset time
when added to time equivalent becomes gating tigreakor the inverter leg switching ting.x=a,b,c,d,e,f,d8].

Algorithm of the proposed TESVPWM:
(a) Sample the reference voltagés Vi, Ve, Vy, Ve, Vi & Vy in every switching periods.
(b) Determine the equivalent timé@g, Ty, T5,T4 Ts, Ts & T given by expreesion,

Space Vector Pulse Width Modulation Scheme for a Seven-Phase Voltage .... (Mohd. Arif Khan)
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T,
wherex a,b,c,d,e,fand g; Tyg =Vyg*
dc
Ts T, Tmi
(c) Determin€Tfset Toftset = — - Imax * Tmin_
2 Vdc

(d) Then the inverter leg switching times are obtaiasd
Tox =Tx + Toiser X =2a,b,c,d,e,fand g.

Fig. 6 shows the principal of Time Equivalent methior seven-phase, if one fundamental cycle of
modulating signal is divided into ten equal padscfors) and sampling is done in the first parh tthee equivalent
mathematical analysis for first part is given belamd on the basis of this analysis the equivalesicBing wave
form is shown in Fig. 7.

%10
15 T T T T T T T T T .
: ' ! : ! ' s
H H H H H H ' ‘ 7/
: : : : : : : : 4
thelVa_ _iVb i Vd 1 i b ] 4
N AN AN AN g
0.5 |- 5/l -4 N---- N A : : 0 7
A | N : v/ : ; E| oA s
/ LY AN = [‘% e
OF---153 LN /‘ :
\ s Yy &l | & [:f /
ATANAND ANYVANY AN P A
5 ENE ; ; y 7
1B ARAV A SN VAT i VR .
H " " 7/
0 Tl Ts | Ty T; T, Ty
H /
45 | 1 1 1 I 1 | | | 7 . effectivel
002 0022 0024 D026 0028 003 0032 0034 0036 0038 204 hl
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Toffset > —_——
Pole G
g
=t
F
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Pole E
Pole D

Tcl‘l‘cclivc

Figure 6 Principal of TESVPWM for sector 1

Sectorl
Tmax = Ta; Thin = Tas

Tettective = Tmax — Tmin = Ta — Tq
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To To
Toffset = ? - Tmin = 7 - Td;

leTa—Tg; T2=Tg_Tb; T3=Tb_Tf;

T,=T—-Ts Ts=T. T Te =Te — Tg;
To To
Tga= Ta+T0ffset =Ta+?_ sz?‘*' T1+ T2+ T3+ T4+ T5+ T6'
To To
To To
TgC:TC+7_ Td:7+ T5+ TG;
To To
T =Ti+—— Ty =—;
ed dat 2 A=
To To
Tge =Te+7_ Ty =7+ Te;
To To
Tgszf-l'?—Td:?-l' T4_+ T5+ TG;

T T
S Ty =24 T4+ T+ T, + To+ Ty

T 2
2 2

gg = Tgt

From the switching waveform of Fig. 7, for firstrpshe space vectors used are 64,65,97,99,115 &adot the
implementation of modulation scheme. Their posgidam thed-q plane can be seen in Fig. 3 andxig plane in
Fig. 4.

The proposed TESVPWM is simulated using Matlab/3imkumodel shown . The seven-phase voltage is
provided with amplitude equals to + 0.5 and \,cis kept unity. The switching frequency is chosenado 5
KHz.

On Sequence

S
T0/2: Tz : Tas :TI3 : Tia

AA

- Off Sequence —————»

T >
To2 | Tsa) Tis | Tys Tis| T | Tz | Tol2

Tis

+0.5 Vg
Sa  ————}-__
-0.5 Vi,
+0.5 Vg,

—— - ———— 4 —
—— b - ———— 4 —

Ty Ty T;

2]
S
|
|
|
|
I
|
|
|
|
|
|
l
|
|
|
|
|
|
|
|

\

Tef‘fecuve Teffectn‘e

A

Figure7 Switching waveform for sector 1

5. Simulation Results

Simulation results are provided in Fig. 8. Fig.)&hows the filtered output voltage after conneranR-L
load at the output terminals and Fig. 8(b) shovesttiirmonic spectrum for the output phase ‘a’ vatagd Fig. 8(c)
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shows the offset time signals as calculated dftemtathematical analysis; it shows both the maxinaaime as well
as the minimum value for the offset and the oftsme signal. Fig. 8(d) shows the net modulatingnalg after
adding the offset signal to equivalent time sigioaleach phase. Thus it can be concluded that titygub of this
scheme is similar to the one offered by the spamov PWM The maximum modulation index obtained here is
0.515.
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Figure 8 simulation results using TSVPWM

Table 2 Vectors used for TESVPWM in different sesto

Sector No. Vectors Sector No. Vectors
1 64,65,97,99,115,119 6 8,12,28,30,62,63
2 64,96,97,113,121,123 7 4,12,14,30,31,63
3 32,48,112,120,121,125 8 2,6,7,15,79,95
4 16,48,56,120,124,125 9 2,3,7,71,79,111
5 16,24,56,60,62,126 10 1,3,67,71,103,111
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6. Experimental Investigation

Experimental investigation is performed to implemgre proposed scheme for a seven-phase VSI. Three
standard three-phase VSIs are used to provide gehaese output. The DC link is paralleled to makepitnmon for
all the three modules. The DSP TMS320F2812 hasigioov of generating four independent PWM outputs pe
event manager thus a maximum of eight-phase invede be controlled using one DSP. Out of five PViiviee
are generated using full compare units and therathe is generated by the GP timer compares ufits. full
compare unit has programmable dead-band for PWidubyairs but the other one PWM channel does nat kize
provision of dead band. Thus a dead band generaitiagit is fabricated which act upon those PWMhsilg which
do not have inbuilt dead band. A distribution paisldeveloped which distributes the fourteen PWignals
generated from DSP to three power modules. Thensatie of a DSP based seven-phase VSI is presemtéidy.i 9
and Fig. 10 shows the Switching pattern for sevemsp VS| using TESVPWM, during one switching period
sector 1. Fig 11 shows the filtered output phaseetaral output for sinusoidal voltages.

Seven phase voltage setup
Inv-1

— V,
—>
F—> \/

PWM1-PWM(i

.

&

Inv-2
N f——p V|
— Distrib |7 VYM7-PWM12 d
TMS320F2812 <:> P <:> ution N
Generator Panel >\,

: Inv-3

I\

) Vg

14
PWM13-PWM14

(&

Figure. 9 Block schematic of a DSP based sevenep¥igs.
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Figure. 10 Switching pattern for seven-phase V8i@u$ ESVPWM, during one switching period in sector
Inverter legsA, B, C and D in upper part and inverter ldgs- andG in lower part
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Figure 11. Filtered phase to neutral voltage fousoidal output

7. Conclusion
In this paper a simple voltage modulation technigueresented and is designated as time equivalent

SVPWM for seven-phase voltage source inverterhtngroposed method, reference space vector is sdnapla
regular interval to determine the inverter switghiwectors and their time durations in a samplirtgrival. These
equivalent times are then converted to the actathg time of each leg. In comparison with the preconvention
SVPWM schemes, in the proposed scheme, there me@d to look for sectors, vectors, lookup tables mm need

to calculate the time of application for switchingctors. The proposed method offers a simple ambréo realise

the complex SVPWM algorithm. The output obtainatées the same quality as that of the conventiond\SW1.
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The proposed TESVPWM offers major advantages il tie@e DSP implementation due its computatic
efficiency. The Matlab/Simulink irrlementation and their simulation results are pres. The simulation and
experimental results matches to good ex

Acknowledgements
Authors fully acknowledge the suppofor this work provided by CSIR standard research griNo.
22(0420)/07/EMR-ILI.

References

[1]. G.D. Holmes, T.A. Lipo, Pulse Width Modulation for Power Converi-Principle and Practic”, IEEE Press-Series on
Power Engineering, John Wiley and Sons, PiscataNaylUSA, 200:

[2]. A. Igbal, E. Levi, “Space vector modulation schefoe a five-phase voltage source inverteProc. European Power
Electronics and Appl. Conf., EPDresden, Germany, 2005, CD-ROM paper 0006.

[3]. A.lIgbal, E. Levi, “Space vector PWM techniques $orusoidal output voltage generation with a-phase voltage source
inverter”, Electric Power Components and Systevol. 34, no. 2, 2006, pp. 119-140.

[4]. O. Ojo, G. Dong, Z.Wu, “Pulse width modulation fiore-phase converters based on device-on times”,Proc. IEEE
Ind. Appl. Soc. Annual Meeting IATampa, FL, 2006, CD-ROM paper IAS15p7.

[5]. H.M. Ryu, J.H. Kim, S.K. Sul, “Analysis of mu-phase space vector pulse width modulation basedutiple c-q space
concept” IEEE Trans. On Power Electronicvol. 20, no. 6, 2005, pp. 1364-1371.

[6]. P.S. N. deSilva, J.E. Fletcher, B.W.lliams, “Development of space vector modulatiomtstgies for fiv-phase voltage
source inverters'Proc. IEE Power Electronics, Machines and Drives £dPEMD, Edinburgh, UK, 2004, pp. 6-655.

[7]. H.A.Toliyat, M.M.Rahmian and T.A.Lipo, “Analysis angtodeling of fivephase converters for adjustable speed ¢
applications” Proc. 8" European Conference on Power Electronics and ApjitinatEPE Brighton, UK, IEE Conf. Puk
No. 377, 1993, pp. 194-199.

[8]. R.Shi, H.A.Toliyat, “Vector control of fiv-phase synchronous reluctance motor with space vpatse width modulatio
(SVPWM) for minimum switching lossesProc. IEEE Applied Power Elec. CoMfPEC, Dallas, Texas, 2002, pp.-63.

[9]. D. Dujic, M. Jones, Eevi, “Generalised space vector PWM for sinusoidatput voltage generation with multiphe
voltage source invertersiht. Journal of Ind. Elect. And Drivevol. 1, NO. 1, 2009, pp. 1-13

[10]. Y. Zhao, T.A. Lipo, “Space vector PWM control ofaluhre«-phasdnduction machine using vector space decomposit
IEEE Trans. On Industry Applicatiorvol. 31, no. 5, 1995, pp. 1100-1109.

[11]. R.O.C. Lyra, T.A. Lipo, “Torque density improvememt & si>-phase induction motor with third harmonic curr
injection” IEEE Trans. On Industry Applicationvol. 38, no. 5., 2002, pp. 1351-1360.

[12]. D. Duijic, A. Igbal, E. Levi, V. Vasic, “Analysis ofpace vector pulse width modulation for a symroatrsi>-phase
voltage source invertersRroc. Int. Power Conv. And Intelligent Nion Conf. PCIM,Nurnberg, Germany, 2006, (-
ROM paper 154 _S6b-04_Duijic.

[13]. M.B.R. Correa, C.B. Jacobina, C.R. daSilva, A.M.N. LifBeR.C. daSilva, “Vector and Scalar modulation fa-phase
voltage source invertersProc. IEEE Power Elect. Spec. Conf. PE, Acapulco, Mexico, 2003, pp. 5-567.

[14]. R.Dhawan and Z. Soghomonian, “Se-phase brusless synchronous motor with reduced inverter siProc. Aplied
Power Electronics Conf. APE@naheim, CA, pp. 10¢-1105, 2004.

[15]. Atif Igbal, Shaikh Moinuddin, “Analys of space vector PWM techniques for a sephase voltage source inverte |
Manager’s Journal of Electrical Engwol. 1, no.2, Oct-Dec. 2007, pp. 53-63.

[16]. G. Grandi, G. Serra, A. Tani, “Space vector modaoitebf a seve-phase voltage source inverteProc. Int. Symp. Power
Electronics, Electrical Drives Automation and MatiSPEEDAMTaormina, Italy, 2006, C-ROM paper S8-6.

[17]. J.W. Kelly, E.G. Strangas, J.M. Miller, “Mu-phase space vector pulse width modulaticEEE Trans. On Energy
Conversionyol. 18, no. 2, 2003, pp. 2-264.

[18]. F.Yu, X. Zhang, H.Li, Z. Ye, “The space vector PWddntrol research of a mi-phase permanent magnet synchror
motor for electrical propulsion'Proc. Int. Conf. on Elect. Machines & Systems, ICENIS3, Bieging, China, pp. 604-
607.

[19]. S. Moinuddin, A. Igbal, “Modelling and simulatiori @ seve-phase VSI using Space Vector theol Manager’s Journal
of Electrical Engg.yol. 1, no. 1July-Sept. 2007, pp. 30-41

[20]. D.W.Chung, J.S. Kim and S.K. Kul, “Unified voltagedulation tehnique for reatime thre-phase power conversion”,
IEEE Trans. Ind. Applicationjol.34, no.2, Marc-April 1998, pp.374-380.

[21]. D C White and HH WoodsorElectromechanical Energy ConversioMIT Press, New York, 195

[22]. Atif Igbal, Shaikh Moinuddin, “Analysicof space vector PWM techniques for a sepbase voltage source invert |
Manager’s Journal of Electrical Engwol. 1, no.2, Oct-Dec. 2007, pp. 53-63.

Bibliography of authors

Mohd. Arif Khan received his B.E. (Electrical) and M. TedPofver Systel & Drives) degrees in

! / 2005 and 2007, respectively, from the Aligarh MuslUniversity, Aligarh, India where hhas
submitted his PhD thesiHe has workedas Senior Research Fellow in a CSIR project, “Sj
Vector Pulse Width Modulation Techniques for Niphase Voltage Source Inverte Presently he
is working with Krishna Institute of Engg. & TeclGhaziabad as Asstt. Prof. in EN de His
principal research interest is Mi-phase Multi-motor machine drivegsten.

Space Vector Pulse Width Modulation Scheme for a Seven-Phase Voltage .... (Mohd. Arif Khan)



B

20 ISSN: 2088-8694

Atif Igbal received his B.Sc. and .Sc. Engineering (Electrical) degrees in 1991 af886]
respectively, from the Aligarh Muslim Universityligarh, India and PhD in 26 from Liverpool
John Moores University, UK. He has been employedexgurer in the Department of Electric
Engineering Aligarh Muslim University, Aligarh since 1991 ai& currently working as Reader
the same university. He is recipient of Maulanaallukhmad Gold Medal for standing first at B.¢
Engg. Exams in 1991, AMU. His principal researdeiiast is Power Ectronics & Drives.

Sk Moin Ahmed born in 1983 at Hoogly, West Bengal. He receivesi BuTech (Electrical) an
M.Tech. (Power System & drives) in 2006 & 2008 exgjvely, from Aligarh Muslim University
Aligarh. He is gold medalist for securing teposition in M.Tech. He is a recipient of Torel
fellowship funded by AMU. Currently he is pursuihig PhD at AMU

IJPEDS Vol. 1, No. 1, September 20117-20



