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Space Vector vs. Sinusoidal Carrier-Based Pulse Width
Modulation for a Seven-Phase Voltage Source Inverter

Mohammed A. Al-Hitmi, Shaikh Moinoddin, Atif Igbal, Khaliqur Rahman, and Mohammad Meraj

Abstract—The paper presents an extensive comparison
between two pulse width modulation (PWM) control schemes,
namely carrier-based and space vector based PWM for a seven-
phase voltage source inverter. Sinusoidal carrier-based PWM
and space vector PWM techniques are employed to control
multiphase power converters supplying variable speed multiphase
motor drive systems. Implicit relationships that exist between
the two PWM techniques are comprehensively explored; this
paper, reveal the underlying relationship between the twvo PWM
techniques in terms of several parameters such as modulating
signals and space voltage vectors, modulating signals and space
voltage vector sectors, switching pattern of space vector and type
of carrier. Furthermore, sharing of zero vectors among different
chosen space vectors is elaborated that leads to the formulation
of different types of modulation. Digital implementation of the
two modulation schemes is elaborated. Simulation results are
validated using experimental investigation.

Index Terms—Carrier-based pulse width modulation (PWM),
multiphase motor drive system, space vector PWM, voltage source

inverter.
NOMENCLATURE
a* The transposition of ‘a’.
d-q The fundamental stationary reference frame.
k Number of sectors of output voltage vectors.
n Total number of output phases.
&) Duty ratio.
V. Output phase voltage (i =1, 2, ...7, in volt).
[ to XIV Sector of voltage space vector.
M Maximum modulation index.
m Even numbered sector of voltage space vectors.

S, (k—1 to 4)

tal! taZ and ZLaS

ty> by and

VDC

Inverter switches.

Application time of the inverter voltage
space vectors (in sec).

Application time of the inverter phase
opposed voltage vectors (in sec).
Switching period (in sec).

Zero sequence voltage signal.

DC voltage source of the inverter (in volt).
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Vams Vans Vi Small, medium and large length voltage vector.

Maximum and minimum voltage max, out
of V,to V5.
The auxiliary orthogonal planes.

Vmax) Vmin

x-p and x,-y,

1. INTRODUCTION

Variable speed motor drives find widespread industrial
applications ranging from manufacturing sectors, process
plants, oil & gas plants and electric and hybrid transportations.
Since variable speed drives are supplied by power electronic
converters to obtain variable voltage and variable frequency
supply, adding extra legs become a parameter of choice. This
has led to the development of multiphase power conversion
and control system. A large literature is available on multiphase
motor drive system modeling, analysis and control. Few review
papers are available to comprehend the development in the
field of multiphase motor drive systems. The first review was
reported in 2002 [1] and since then work on the area has been
accelerated and two reviews appeared in 2007 and 2008 [2], [3],
most recently new reviews are reported in 2016 [4]-[6].
Multiphase motor drive system is known to offer numerous
advantages over corresponding three-phase motor drive system.
The major advantages include:1) lower torque ripple amplitude,
2) higher frequency of torque ripple, 3) higher torque density
due to injection of lower order harmonics that modulate
the shape of the air-gap flux, 4) less noise, 5) lower per-leg
converter rating for same power output 6) higher redundancy
and better fault tolerance characteristics, 7) greater control
flexibility and 8) possibility of independent control of more than
one machine supplied by one power converter [1]-[6].
Multiphase power converters are used to feed multiphase
ac machines. Power converters used in three-phase drive are
extended by adding extra legs to use in multiphase drives.
Traditional two-level inverters and multilevel inverters are
explored for multiphase drives. Numerous PWM techniques
are used to control multiphase power converters including
sinusoidal carrier-based and space vector approaches [7], [8].
Application of carrier-based PWM technique in multiphase
converter is straightforward; using multiphase sinusoidal
modulating signals with appropriate phase shifts and comparing
with triangular high frequency signal. However, space vector
PWM when applied to multiphase converter is completely
different from the three-phase counterpart. When applied to
an n-phase voltage source inverter (VSI), the total number of
switching states are 2 [6], [7]. The space vectors are obtained
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corresponding to the available switching states and are mapped
in a polygon with 2n sectors each spanning 2n/n degree.
The space vectors of a three-phase VSI when transformed
in d-q plane, they are spread in two-dimensional plane [7].
However, the space vectors of n-phase VSI can be transformed
into (n—1)/2 orthogonal planes. The d-¢ plane vectors when
used to implement space vector PWM, produces fundamental
frequency component output with sinusoidal waveforms.
While other plane vectors (auxiliary planes) e.g. x-y in a five-
phase and x,-y,, x,-), in a seven-phase VSIs are responsible for
producing low-order harmonics and as a result distortion in the
output voltage waveforms. Hence the implementation of space
vector PWM require careful selection of space vectors and
computation of dwell time in such a way to cancel out the effect
of auxiliary plane vectors [6], [7].

Space vector PWM methods are successfully realized to
cancel out the effect of auxiliary plane vectors for five-phase
[9]-[12], six-phase [13]-[16], seven-phase [17], [18], nine-
phase [19], [20], eleven-phase [21], thirteen-phase [22], and
fifteen-phase [23], [24] VSIs. Sinusoidal carrier-based PWM
technique is applied to control a five-phase VSI and analyzed
in [25], [26]. The maximum output voltage magnitude available
when using sinusoidal carrier-based PWM technique is 0.5
Ve (Vpe 1s the DC link voltage), irrespective of the number of
phases of VSIs. The lower dc bus utilization can be improved
by modifying the modulating signal either by injection nth
harmonic or by offset addition (which is in essence multiple of
nth harmonics) [27], [28]. This causes an increase in the range of
the linear modulation.

Although the approach of both the sinusoidal carrier-
based PWM and space vector PWM techniques are entirely
different, however, they have an underlying relationship; this
relationship is elaborated in [29], [30]. The two methods
are different because of the application time of zero vectors.
The zero vectors are symmetrically placed in a sample time
using space vector PWM contrary to sinusoidal carrier-based
PWM. When the modulating signal is modified by adding nth
harmonic, the zero vector application is symmetrically placed
and the two methods yield similar results. More comprehensive
relationship between the two PWM methods are illustrated
for three-phase VSI in linear modulation region [31] and over
modulation region [32]. The similar approach was adopted and
the relationship between carrier-based PWM and space vector is
established for a five-phase VSI [33]. This paper is an extension
of [34], here therelationship between the two PWM schemes
is established fora seven-phase VSI. Although the extension
of sinusoidalcarrier-based PWM when applied to multiphase
VSI is simple, while the same is not true for space vector
PWM. As in the case of multiphase space vector PWM, the
total number of possible space vectors increases exponentially.
There is not only increment in the number of space vectors
but new subspaces are also recorded. These subspaces cause
the lower order harmonics if they are not eliminated and the
requirement of producing sinusoidal output voltage waveform
need special considerations. Hence, the analysis presented
for five-phase VSI [35], [36] cannot be easily extended to the
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Fig. 1. Power circuit of a seven-phase voltage source inverter.

seven-phase VSI. Also the different harmonic content injection
has been studied and it is experimentally validated in [37],
where a third harmonic injection sinusoidal PWM method
based on alternating carrier polarity is compared with the space
vector PWM. The harmonic injection modulation has common
mode voltage with lower frequency as compared to the space
vector modulation method. Moreover, synchronization of the
reference voltage and phases of injected third harmonic must
be there. Whereas, in [38], the relative study on various types
of carrier-based PWM techniques for multiphase induction
motor drive have been presented. It is obtained that the torque
pulsations in drives are intensified by the higher magnitude of
space harmonics in airgap. Space harmonics can be reduced by
carrier phase-shifted space vector PWM technique in which the
lower centre band harmonics are cancelled and the remaining
sidebands are shifted to six times of the carrier frequency.
Thus, the multilevel voltage can reduce time harmonics. Better
performance of the drive can be obtained by giving an optimum
phase shift angle to the carriers.

II. SEveN-PHASE VSI MoODEL

A seven-phase voltage source inverter is presented in Fig. 1.
The input DC link voltage is assumed constant. The output
phase voltages are represented as v, (i = 1, 2, 3, 4, 5, 6, 7), in the
seven-phase star-connected and the pole voltages are denoted in
capital letter (A, B, C, D, E, F, G).The inverter leg/pole voltage
and phase-to-neutral voltage are related as (here leg and phase
voltage have the same expression [9]);

3

A E D I

where, if i = 1, 2...7, then j = A, B ...G, respectively. It is seen
from Fig. 1 that the pole/leg voltage varies from + 0.5V, to
= 0.5Vpc. The power switches can be either ON (represented
by 1) or OFF (represented by 0), and hence in total 27=128
possible states exist.

These switching states can yield 128 number of space
vectors. These 128 space vectors are classified as active (126)
and zero (2). Space vectors when mapped, form nine concentric
tetra-decagon in the d-g plane with zero space vectors at the
origin [17]. In a seven-phase VSI, the space vector in the d-g
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TABLE 1
LENGTHS AND PosITION OF PHASE VOLTAGE SPACE VECTORS [32]

Set number in planes
Space vectors Space vectors lengths and position planes

d-q X 0

Vignase 10 Viphace 1 8 7 (/T)V, /12 cos(3n/7)]exp(jkn/T)
Visphase © Vagpase 2 5 9 2(2/T)V . cos(m/T)exp(jkn/T)
Vogphase 10 Vs~ 3 3 4 V2 (2T, exp(j 0.3052 kn/T)
Visptse 0 Vigorawe 4 4 3 2 IV, exp(j 0.6948 kn/7)
Vorase O Vaguse 5 9 2 2(2/T)V,,.. cos(2n/T)exp(jkn/7)
Viiphese ©0 Yosphwe 6 6 6 QI exp(jkn/T)
Vosphase ©© Yosphwe 7 18 (2/7 V,,)/[2 cos(2m/T)lexp(jkn/T)
Yoopnase 1 Vigprase 8 7 1 (2/7 V,,)/[2 cos(n/T)]exp(jkn/T)
Ve 0 Vognee 9 s s 2(2/7) V.. cos(3n/T)exp(jkm/T)
fork=0,1,2...13
Y 27phase to Y sphase _ _ _ 0

plane is defined as:

*3 *) *

2 2 3
T 5 vytavy, tavstav,ta v ta V6+av7)(2a)

\4
—dg 7

where a = e ™. Using general decoupling transformation
matrix voltage space vectors in the other two orthogonal planes
namely x,-y, and x,-y,are given with,

, 2 4 6 3 5
Vo = (vl +av2+av3+av4+av5+av6+av7)

2
v, =2
, e

7

3 6 2 5
Vo (v1 tav,tavy,tav, tav, tay, tav,

=

The zero-sequence component is not considered since they
are zero because of ungrounded neutral. The space voltage
vectors are spanned over 14 sectors with each sector is spread
over 25.714286° (n/7 radians). Table I provide the detail
lengths and positions of all possible 128 space vectors [32].
From Table I, it is noticed that the space vectors of d-¢ plane
are harmonics of order 14k+ 1, k=0, 1,2,3...,(1,13,15...).

The space vectors of x,-y, plane are harmonics of the order
Tk+2,k=1,3,5...,(5,9, 19...) while the space vectors of
X, -y, plane are harmonics of the order 7k +4, k=1, 3,5..., (3,
11,17...).

III. MODELLING AND VECTORIAL REPRESENTAION OF

DirFERENT PWM ScHEMES AND RELATION BETWEEN THEM

A. Space Vector Pulse Width Modulation Sinusoidal Output

In a three-phase VSI, two neighboring space vectors are
used to synthesize the reference while using space vector
PWM. However, in the case of multiphase VSI, several space
vectors are available in each sector. In general, implementing
SVPWM require an 7 —1 number of neighboring space vectors

in order to yield sinusoidal output voltage waveform [17]. This
implies that six active vectors are required in each switching
period in a seven-phase VSI. The time of application of space
vectors should be chosen in such a way as to eliminate vectors
of both x,-y, and x,-y, planes in order to obtain a sinusoidal
outputvoltage. Thus six active vectors (In sector I, active vectors
no. 1, 2, 15, 16, 71, 72 are used) and one zero vector is chosen
to implement the SVPWM. The chosen vectors belong to 1st,
2nd and 6th sets. The space vectors used in all fourteen sectors
are given in [32]. Each power switch of inverter leg changes its
states twice (ON to OFF and then OFF to ON), hence in total
twenty-eight switching takes place in one switching period.

The space vector spread in sector I is shown in Fig. 2 for
d-q, x,-y, and x,-y, orthogonal planes. Considering equal volt-
second principle, the following relations are obtained for sector
1 [32]; The lengths of space vectors from Table I is obtained as:

‘v ‘ _ Voo ; B 4V,)Ccos(:"7T—) , B W,
s 7cos[3l) m 11528 7 sm 1 71-84 7
\ 7
k= ‘Vv»*m‘ = 0.44504
1
k= ‘Vv'"‘ =0.8019377
1
ky =k, +k, +1=2246979
From [18],
. v, s1n(\k7f—0) .
' v, ‘sin(%)
. T
L v, sin[6 - (k-1 >7]
b
v, ‘sin(;rf)

where k=1, 2, ...13, 14.

Let ¢, t,, and z,, be the time of application for vectors
numbers sets 71-84, 15-28 and 1-14, respectively. Similarly,
let the times of applications #,;, #,, and ¢,, be the dwell time
for another side of vectors number sets 71-84, 15-28 and
1-14, respectively. Therefore, the time of applications of space
vectors can be written in (3)—(4). The time of application of
(4) completely agree with [17], [18]. The zero space vector
application time is ¢,, ¢,, and 7,; are application times of
space vectors 1, 15, and 71, respectively and ¢,,, #,, and ¢, are
applications times of space vectors 2, 16 and 72, respectively
in sector I. Fig. 3 shows the switching sequence and decom-
position of vectors in sector L.

B. Carrier-Based Sinusoidal PWM (CBSPWM)

CBSPWM techniques are simple in implementing analo-
gically and digitally, hence, they are popular and widely used [26].
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Fig. 2. Space vector disposition in sector I. (a) d-g plane. (b) x,-y, plane. (c) x,-y, plane.
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Fig. 3. (a) Switching pattern and space vector disposition for one cycle
of operation. (b) Sketch of vector decomposition on volt.sec principle to

eliminate/reduce harmonics.

The principle of application of CBSPWM to a multiphase VSI
is the same as that for a three-phase VSI. The sinusoidal modu-
lating signals are compared with a triangular or a saw-tooth
carrier signal to generate PWM signals. The frequency of carrier
signal is kept much higher than that of the modulating signals.
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Substituting the values of &, &, and ; in (3) one get,

F

in T -0,
‘vl‘sm(%
L
=03569 Jsinf 3 )t
‘vl‘sin(%)
t, =0.19806 2 Sin(k;r_a)x\
wlsin|7) @
v sin[e— -1 >Tﬂ
1, =0.445— \ 1,
‘vl‘sin(%)
v sin[a- k-1 >Tﬂ
t,, =0.3569 .
‘vl‘sin(%)
\v*\sm{e— k-1 >“7i]
t,, =0.19806——
‘vl‘sin(;rf)

1) Sinusoidal Pulse Width Modulation (SPWM)

The SPWM becomes simple when the zero-sequence signal
is set to zero. PWM signals for all legs are as per sinusoidal
fundamental signals. The highest modulation index in the linear
region is unity, it is defined as:

1%
M=—"1 Q)
0.5V,

where, ¥, is the fundamental output phase voltage.

2) Seventh Harmonic Injection PWM-SHIPWM

To enhance the output voltage magnitude in a carrier-based
PWM, modulating signal is augmented by injecting n-th
harmonic. This causes a reduction in peak of the modulating
signal providing further room for pushing the modulation index.
In general, the amount of #-th harmonic to be injected into the
fundamental is given as [25].

V=%V, sin(w /2n ) 6)

n n

where (6) takes the positive sign forn=3, 7, 11, 15... and negative
sign for n =15, 9, 13, 17... (number of phases). Hence in a
seven-phase system, the injected 7th harmonic is in phase with
the fundamental. The zero-sequence signal is thus defined as:

T

v () =V, sinTot) %sin( 14 )sin< Tot) (1)

Using (7), the generalized resulting modulating signals have

\f— Mnuu\amg sngna\ <« Modulating Signal

<— Fundamehta\
0.5

7 5 ;
/ 7’"' Harmnmcl dcmon i
: b /

Triangular Zeéxo-Sequence Injection

0.005  0.01
Time (s)

0.015 0.02

0005 001 0015 0.02

Time (s)

Fig. 4. Characteristics signals of carrier-based PWM. (a) With seventh
harmonic injection. (b) With triangular harmonic injection.

the form

VL.=M-O.SVDJsm(wl—T)+OO318 sin(7wt) | (8)

where i =1, 2,..., 7, m =0, 2, 4,...,10, 12. In the linear region,
when n-th harmonic injected, the maximum modu-lation index
(M) is expressed as [25]:

1

M=———
0
cos( o )

(€

where n = 7, the maximum modulation index Mgy pwy =
1.0257. Thus there is 2.57% increase in the DC bus utilization
comparing SPWM.

3) Offset Addition PWM or Triangular Injection PWM (TIPWM)

Another prevalent approach to enhance the output voltage
magnitude in a carrier-based PWM scheme is by adding an
offset signal into the fundamental signal. The modulating signal
is modified in such a way that its peak shrinks providing an
additional room for pushing the reference value. The offset
signal is given as:

(I/max + Vmin) (10)

where, V... = max(V,,V,,V3, Vi, Vs, Ve, V,) and V,;, =
min(V,,V,, V3,V Vs, Ve, V). The voltage v,y (the modulatmg
signal) contains all multiple of 7th harmonics. If the same
modulating signal is used to generate the gating signals the
maximum achievable modulation index would be My pyy =
1.0257. To illustrate the effects of 7th harmonic and offset signal
injection the overall modulating signals are shown in Fig. 4.

C. Relationship Between Carrier-Based and Space Vector
PWM

Fig. 5 shows the generated PWM switching signals when
the triangular carrier signal interacts with the sinusoidal signals.
It can be seen that the CBPWM (Fig. 5) and SVPWM (Fig. 6)
have the similar pattern in sector I as well as in other sectors
too. From the switching pattern, the relationship between space
vector application time in different sectors and the modulating
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TABLE II
RELATIONSHIP BETWEEN MODULATING SIGNALS AND SPACE VECTOR APPLICATION TIME

Signals Vi Va V3 Va Vs Ve Va
sectors
(Vpc2ts) (ta+  (Vpc/2ts) (ta + (Vc/28s) (— (Voc/2ts) (~tar (Vpc/2ts) (~tar (Vpc/2ts) (~tar (Vpc/2ts) (tar +
I ittt t ittt — tatttie — —t —t2 —t2 —W —l2 —t2 —t Tl —l2 I Tl — I
ta3+ 1p3) ta3+ 1p3 ) thy —ta3+ 153) —ta3+ 113) —ta3 —153) —ta3t13) —ta3+ 113)
(Vpcl2ts) (ta+  (VDc/2ts) (tar (Vpe/2ts) (tal (Vc/2ts) (~tar (Vc/2ts) (~tar (Vpc/2ts) (~tar (Vpc/2ts) (tar —
1T ittt tnt T tlatty  ti—to Y  —t —lo ttr  —I —l2 — I~ —l2 — 12 I — a2 T
ta3 — 1h3) + ta3 + 1h3) + ta3 — 1h3) + ta3— th3) — a3 — 1h3) + ta3 — 13) + ta3 — th3)
(Voc/2ts) (tar + (Vpc/2ts) (tar (Vpe/2ts) (tar (Voc/2ts) (~tat - (Vpcl2ts) (~tat - (VDe28) (~tat - (VD/2ts) (~tar
111 ttite—th— i tlette ‘i tto T ‘i tlo -t —t —l2 —t2  —I —la2 I I Tl —
ta3 + 153) + taz + 13) —ta3 + 113) —ta3 + 113) —ta3 + 13) — a3 — 13) —ta3 + 113)
(Vpe/2ts) (tar (Vocl2ts) (ta + (Vool2ts) (ta + (Vpe/285) (tar + (VDo/285) (—tal (Vocl2ts) (~tar - (VDC/2t5) (~tal
v —thi—tatty tttetint  thtilo tin th — a2 T n =t —ta Tl —th —la —l2  —l —l2 —1tn
+ ta3 — 1p3) ta3 — 1h3) + ta3 + 1h3) + ta3 — 1h3) +ta3 — th3) — ta3 — 13) + ta3 — 1h3)
(Vocl2ts) (~tar - (Vo/2ts) (tan + (Vool2ts) (tan + (Vpel26) (ta + (Vocl2ts) (tat (Vc/2ts) (tat (VDe/285) (—tal
\Y% =t tita—1t i tle—tr — i tila tin 1 Tl tin ttta —ty —tn —t2 —l2 Wl —la2 — 2
—ta3 + 153) ta3 + 153) + a3 + 113) — a3 + 153) —la3 + 1p3) —ta3 + 153) — la3 — 1p3)
(Vocl2ts) (—tar - (Vocl2ts) (tar—  (Voc/2ts) (tn + (Voc/2ts) (tan + (Vpc/2t) (ta+ (Vpc/2ts) (—tar (Vpcl2ts) (—tar
VI — I —ta2—Ip2 thl =ttt +  fpt a2 T th tila tin th —ta t 12 — it —ta2 Tt  —l —la2 — 2
+ ta3 — 103) fa3 — 13) + ta3 — 13) + ta3 + 153) +la3 —13) + ta3 — 143) — ta3 — 1h3)
(Voc/2t) (tar - (Vpcl2ts) (~tat - (Voc/26) (ta + (Voc/26) (ta + (Voc/285) (ta + (Vpc/2ts) (—tal (Vpe/2ts) (—ta
Vil W —la—th  —Itlo—th i+t — — W tla i 1+l + i i tt2 —thy  —th —la2 — 1
— a3 — 1h3) — a3+ 1p3) ta3 + 1h3) + ta3 + th3) —ta3 +1h3) — a3+ 1p3) — a3+ 1h3)
v Carrier . signals can be found. They are tabulated in Table II. The same
vy - < E relationship exists for the sectors from VIII to XIV but with
V7 5 opposite polarity to that of sectors I to VII, respectively. The
I;3 el zero-sequence signal can then be found as given in (11).
6 =
V4 2 _1
Vs < S v =5 A Aty 4D
Sy . . .
The relationships can be obtained between the zero-sequence
S i signal and space vector application time using (11) and the
S3 switching pattern for all fourteen sectors. They are listed in
S Table III for sectors I to VII. Again, the same relationship exists
4 for the sectors from VIII to XIV but with opposite polarity to
Ss that of sectors I to VII, respectively. The general expression for
S zero-sequence signal in even and odd sectors can be expressed
as in (12) and (13), respectively.
S;
SRR AR v
Is VN T 2; (tal —ly — 3ta2 + 3tb2 + 5ta3 - 5tb3 - 7t127 + 7t128) (12)
Fig. 5. SVPWM and CBPWM signals in sector 1. _ Vi
Vin T 2 (_ Ly Ty 3ta2 - 3Zbz - 5la3 + 5zb3 - 7t127 + 7t128 )(13)

Sectors —> |

1

S

I 1 v v VI VIVIIIX X XI XII XHIXIV

X

v

4
%3

200

X

Voltage (p.u.)

L

VeV

0 257 514 77.1 1029 128.6 154.3 180 205.7 231.4 257.1 282.9 308.6 334.3 360

Degrees

Fig. 6. Relationship between space vector sectors and fundamental signals.

D. Relationship Between Space Vectors and Line-to-Line Voltages

In a seven-phase system three systems of line-to-line voltages
namely adjacent, 1st non-adjacent, and 2nd non-adjacent,
exist. The relationship between line-to-line voltage and space
vectors can be obtained using equations of Table II and
equation (14), given in Table IV for sectors I and II;

VDC

2 (VL _Vj )ts

(14)

vit, =, —v,) 1=

where i, j = 1,2, 3,4,5, 6,7 and i #j. Once again, the same
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TABLE IIT
ZERO-SEQUENCE SIGNALS IN DIFFERENT SECTORS

Sector No. Switching period Zero-sequence signal
Ve
1 Iy Tttt bttt Tt~ fioy t g VN=T, (tar + ty + 3ty = 3tyn — Stz + Styy — Ttiay + Thig)
S
Vbe
i ta t ity F il Tl Tl ~ s~ hor g VN =7 (tar =ty = 3t + 3ty + Styz = Stys — Ttiag + Tt1og)
s
Ve
it ta Tyl ~lpn il ~ tiy — tyr Tl ViN=T, (Ttar + tp1 + 32 = 3ty = Staz + Styz = Ttip7 + Tti25)
S
Ve
v ta ~ly ~lop Tl s~ tyy ~ oyt g VN =7 (tar =ty = 3tap + 3ty + Styz = Stys — Ttiag + Tthog)
s
Ve
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TABLE IV

SPACE VECTORS AND LINE-TO-LINE VOLTAGES

Adjacent line-to-line

voltages Ist non-adjacent line-to-line voltages 2nd non-adjacent line-to-line voltages
Sector [
M2 :Vfic(hﬁ) Vlsi%c(fal*sz*fal) V14:V%C(’alﬂblﬂaﬁ’bﬁ’ﬁ)
S
V2 :V?Tc(taﬁsz) V24:VtDTC(fa1+fb1+’a2+’bz) V25:V%sc(tal+tbl+ta2+tb2+tb3)
V34:@(thl+ta2) I/35:@(%1*%2*%3) I/36:@(11;1)
I t ts
Vas :%(tlﬁ) V46:V%SC(*faz) V47:V%Sc(ﬁa1*fb1’fa2)
S
V56:@(_ta2_tb3) Vs, :V%C(f t =t =t~ 113) Vs :V?TC(‘tavfbl‘faz ~lp ~lg3 " 1p3)
N
V67:@(_tal_tbl) V6l:@(_ fat = th1~ U2 = 143) Ve :V%Sc(italitblit”z)
S S
Vn :@(* thy = 143) V72:@(7tb2) §E 7%(%1)
S S
Sector 11
V2 :@(* 1) 1/13:@(%2) Na 2@(t01+fb1+faz)
tg N ts
Va3 :V%Sc(taz +1y3) Va4 :V?TC(M Lt 1) Vas :V%C(tal ittt t it 1)
Vg = (a1 * 131) V3s = ; (a1 141+ 14y + 13) Vig == tar + 1+ 1))
N S S
Vis =21y + 1,3) Vas —V%(’bz) Vag = > (- ta1)
S S S
Vg = VIDC (-1,) Vsy :@(f tai =ty — 1) Vs :VILSC(‘ fa1 = Iy~ Lad ~ Uy~ 13)
S N
Ver :@(_tal_th) Vm:V%SC(ftapt,,ptazftbz) V6z:V%Sc(ﬁal’fbl’taz’sz’fm)
S
Y :V?*C(’ thtn) V2= VZC 1yt~ 113) Vs :V?TC(* )
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TABLE V
SPACE VECTOR SECTORS AND FUNDAMENTAL SIGNALS

Sector I Sector 11
VizV>V3>V>Ve>Vi>Vs ViV i>V>V>VsVe>Vs
Sector 11T Sector IV
V>V V >V V>Vs>Ve V>V>V >V i>Vs>V>Ve
Sector V Sector VI
V>V V>V >V >Vl VV>Vs>V>Ve> V>V,
Sector VII Sector VIII
ViSVs>V>Ve V>Vl Vs>V>Ve>Vs>Va>V >V,
Sector IX Sector X
Vs>VeSV SV >Vi>Vi>Vs VeVs>V >V >V i>V3>V,
Sector XI Sector XII
VeSV>Vs>Vi>Vi>V>Vs Vi>VeSVi>Vs>Va>V Vs
Sector XIII Sector XIV
V>V i>VeSV>Vs>V3>Vy Vi>V>V>Ve>V>Vs>Vy
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Fig. 7. Application time of zero vector in sector I.

relationship exists for the sectors from VIII to XIV but with
opposite polarity to that of sectors I to VII, respectively. A
direct relationship between line-to-line voltages and space
vectors is thus evident from Table IV. Further, it can be noted that
the line-to-line voltages are determined by only active vectors.
Hence line-to-line output voltage can be obtained directly
using the time of application.

E. Space Vector Sectors and Fundamental Signals

The space vectors and the fundamental signals are shown in
Fig. 6 and their relationship is listed in Table V. The sectors are
shown in Roman letter I to XIV and the fundamental signals
are seven-phase sinusoidal waveform.

F. Distribution of Zero-Sequence Signal and Zero Vectors

In SVPWM the two zero vectors timings #,,;, f,5 can be
distributed as per choice depending upon the type of PWM
to be used. That means the timings are flexible in SVPWM
whereas timings are fixed in CBPWM. Depending on the
choice of #,,, and ¢,,, various space vector PWM are possible.
The expression for #,,, (0000000) can be written as (15)—-(17).
Fig. 7 shows the variation of zero vector application time in
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Fig. 8. Variation of 7,,, with angle in sector I for sinusoidal Carrier-based
PWM.

sector I for maximum possible reference of 0.61 p.u. The
switching frequency is assumed as 5 kHz. The general form of
distribution of #,,, and ¢, can be written as:

by = &), (15)
t=[1-£01, (16)
Ly Tl =1 — (tal Fly iyt it tbS) 17
where, 0 << &7) < 1 A degree of freedom that exists in CBPWM

is the shape of zero-sequence signal. In general, the zero-
sequence signal can be expressed as [23]:

v =01 -V, )+ [1-80](-1-V,)  (18)

By using (18) for arbitrary zero-sequence signal, the timings of
application of zero space vectors 7,,; and #,,5 can be obtained.

1) Sinusoidal Pulse Width Modulation (SPWM)

This is the result of v,y () = 0.0 which leads to SPWM with
modulation index Mgpyy, = 1. The equivalent distribution of #,,,
and ¢, is obtained using (17). Considering switching period of
0.2 ms, the variation of application time of in sector I without
harmonic injection is shown in Fig. 8.

s 1_L(M

t127 - 2 2 k2

)|y, | cos(®)

(19)
t128: ts - (tal + thl + taZ + tb2 + ta} + tl)3 + t127) (20)

2) Seventh Harmonic Injection PWM (SHIPWM)

This is the result of v, = V, ﬂ;ﬂjlwhichleadstoSHIPWM

with maximum modulation index Mgypwy = 1.0318. The
corresponding distribution of 7,,, and ¢, is

*

US

sin(-%-)

14 }
7005(70)]
@1

. _Lﬁ{ 1 Ok, + 4k, +2

1277 5 _? k3

)

cos(f) +
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Fig. 9. In sector I, the variation of #,,, with angle for SHIPWM.

lg=1 — (tal tl, tl, Y, Yl ti tm) (22)
Fig. 9 shows, in sector I, the variation of application time

of t,,; with harmonic injection.

3) Offset Addition or Triangular Zero-Sequence Injection
PWM (TIPWM)

This is the result of V (f) = —é—(V,,m + V.in ) which leads

to TIPWM with maximum modulation index 1.0318. This
is due to the application of zero vectors. The corresponding
distribution of #,,, and ¢, is

1
Ly =l = 2*“_; — by by Fly Fly F g+, H (23)

IV. SwitcHING PATTERN OF CARRIER-BASED PWM AND
Srace VEcToR PWM

Carrier-based PWM is characterized by the type of high
carrier signals that are used to compare with low frequency
modulating signals. Performance of the modulation scheme
heavily relies on the shape of carrier signals. Usually triangular
(double edge) and saw-tooth (single edge) waveforms are
used as carrier signals. In contrast space vector method
optimally determines the active and zero vector pulse width to
satisfy the volt-second balance. The proper sequencing of the
active and zero vectors determine the performance of space
vector modulator. For triangular carrier signal, the equivalent
switching pattern corresponds to the one used in space vector
PWM (Fig. 5). Thus the two modulation schemes yield similar
performance. Considering saw-tooth waveform as the carrier
signal the equivalent switching pattern is illustrated in Fig. 10.

V. EXPERIMENTAL RESULTS

A seven-phase VSI is built using fourteen insulated gate bipolar
transistor (IGBT) power modules. The gate pulses were generated
from the Matlab/Simulink model, using dSPACE DS1103
control board. A star-connected seven-phase R-L load (R =75
Q, L =78 mH) is connected to each output phase of the seven-
phase inverter. DC link voltage is adjusted to V. = 200 V for
all PWM schemes from a regulated DC power supply. The
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Ss
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S
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4 channel (eSS —
N
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»
e V&I
)/ 4

My

:

Fig. 11. Experimental setup.

dead time between switching on the lower leg switch and
switching off the upper leg switch is kept at 2 us by dead time
code in the FPGA Vertex-5 board (connected externally to the
dSpace board DS 5203) which is used in conjunction with
dSpace-1006. The minimum sampling time used is 10 us for
dspace and 100 ns for the FPGA. The experimental set-up is
shown in Fig. 11, where, experiments were performed with
CBPWM, SHIPWM, SVPWM, and TIPWM and results are
shown in Figs. 12—-14.

DC link voltage is adjusted to V', =200 V from a regulated
DC power supply for controlling the load with voltage/
frequency = constant. Fig. 12 shows experimental results of
four PWM schemes with a unity modulation index, where
from the top, 1st trace gives the phase-A voltage, 2nd trace
gives the A-B line voltage, 3rd trace gives the A-C line to
voltage and the 4th trace gives the phase-A current. The current
is shown for phase-A, but other phase currents will have same

magnitude but phase shifted by quT degrees. Fig. 12(a), (b), (c)
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Fig. 12. With modulatling Index m = 1, phase voltage, adjacent line voltage (¥,;), second adjacent voltage (V,¢), and phase current. (a) CBPWM. (b)SVPWM. (c)

SHIPWM. (d) TIPWM.

and (d) show the experimental results for CBPWM, SHIPWM,
SVPWM, and TIPWM, respectively. The output voltage at a
modulation index of unity is presented in Fig. 12; the RMS
of phase voltage is seen as 87 V for the CBPWM while the
theoretical value is 85.2 V that amounts to an error of 3.7%.
This difference appears due to dead time in the experimental
realization and higher sampling rate.

In this paper, due to the laboratory constraints, the experiment
has been done on a 7-phase R-L load instead of 7-phase
induction motor. However, all PWM techniques have been
validated for different modulation index values with constant
voltage/frequency = constant control. The experimental results
for the under modulation (M.I = 0.4) and over modulation (M.I
= 1.2) for all four PWM techniques are presented in Fig. 13,
where the phase-A voltage, A-B line to line voltage, A-C line
to line voltage and phase-A current are shown. From this figure
it is observed that because of the V/f= constant control the line-
line voltage and frequency is maintained constant for 0.4 and 1.2
M.I values. With CBPWM, the RMS line to A-B line voltage
and frequency of the load are 42 V and 20 Hz, respectively for
0.4 M.1, as shown in Fig. 13(a). Similarly, A-B line voltage
and frequency of the load are 120 V and 60 Hz respectively
for M.I = 1.2, as shown in Fig. 13(b). The set of results for 0.4
and 1.2 M.I values with SHIPWM, SVPWM, and TIPWM

are shown in Fig.13(c) to (f), respectively. Since the SVPWM
and TIPWM will generate same modulating waveform, so the
phase voltage and the currents will be the ame. Because of this,
the results are shown for SVPWM in Fig. 13(c) and (d).

The experimental phase voltage, current waveforms and
associated harmonic spectrum with CBPWM technique for
different modulation index values are presented in Fig. 14. The
percentage THD values of phase voltage and phase current
for M.I = 1 with CBPWM are shown in Fig. 14(b), where it is
observed that the current and voltage THD is 1.8% and 7.2%,
respectively. However, the percentage THDs for remaining
carrier-based PWMs are clearly mentioned in Table VI.
Outputs of all carrier-based PWMs are similar with slight
difference. This difference is due to the modulation index is in
over-modulation region.

VI. CoNcCLUSION

The sinusoidal output is achieved using CBPWM and
SVPWM schemes, both are analyzed/compared using analytic,
simulation and experimental approaches. A transformation
between arbitrary CBPWM and SVPWM is shown by relating
space vectors and modulation signals. The line-to-line voltage
and space vectors are shown to be related directly. It establishes
that only active vectors give the line-to-line voltage. The line-
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Fig. 13. Phase voltage, adjacent line voltage (V,3), second adjacent voltage (V,.), and phase current. (a) At m = 0.4, CBPWM. (b) At m = 1.2, CBPWM (over
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TABLE VI
COMPARISON OF EXPERIMENTAL RESULTS

Sl No. PWM type MOd index Vphase (V) Iphase (A) Curr%&t))THD
1 SVPWM  Ver=1.0318 91 2.1 1.4
3 CBPWM 1.0 87 2 2.8
5 SHIPWM 1.0318 90 2.1 22
7 TIPWM 1.0318 91 2.1 1.4

to-line voltage is independent of zero vectors. The space
vector in various sectors and modulation signals are related.
The distribution of zero vectors application times for SPWM,

SHIPWM and TIPWM are expressed analytically. In terms of
THD as performance modulator for triangular and saw-tooth
carrier signals are shown. Finally, it is concluded that during
implementation similarities do exist between space vector
PWM and carrier-based PWM, and shown to have underlying
relationships in a seven-phase VSI similar to three-phase VSI
With the increase of phase numbers the space vector PWM
method becomes more and more complex and the gain the
output voltage reduces. It is further concluded that the third
harmonic injection and triangular injection methods give
similar results as that of SVPWM, however, they are simple to
implement. Hence for the practical purposes, instead of using
SVPWM, triangular injection and 3rd harmonic injection
method should be preferred.
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