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Abstract—The space vector pulse width modulation
(PWM) (SVPWM) techniques enhance the performance
of multilevel multiphase inverters. With multilevel (three-
phase) inverters and with (two-level) multiphase inverters, it
is widely accepted that the typical SVPWM strategies have
an equivalent carrier-based PWM (CBPWM) counterpart,
which produces identical results. However, the conclusions
reached in the papers that show these cannot be applied,
nor even extended, to SVPWM techniques with more than
two levels and three phases. This paper shows that the
most widely accepted multilevel multiphase SVPWM techni-
ques have a fully equivalent CBPWM counterpart, which
consists of a phase disposition PWM (PDPWM) with an
appropriate zero-sequence injection scheme. Closed-form
expressions to calculate the zero sequences are provi-
ded. The proposed modulation techniques are simulated
and then implemented in a field-programmable gate array
(FPGA), showing that the equivalent CBPWM techniques
produce identical results as the original SVPWM ones,
but with a significant reduction of hardware requirements.
The proposed methodology can be generalized to other
multilevel multiphase SVPWM techniques.

Index Terms—carrier-based pulse width modulation
(PWM) (CBPWM), field-programmable gate array (FPGA),
multiphase drive, space vector PWM (SVPWM), voltage
source inverter (VSI).

NOMENCLATURE

Vectors and matrices are printed in bold type while normal
type is used for scalars. Lower case is used for normalized
variables. Voltages are normalized with respect to the multi-
level voltage source inverter (VSI) voltage step Vdc and times
with respect to the switching period T . Variables related to
reduced vectors, i.e., (P − 1)-dimension ones, are written in
Greek letters. Superscripts (k) denote the phase, i.e., the vector
component, e.g., vrk is the component (phase) k of vector vr.
Numeric subscripts (j or m) are used to denote the position
of vectors and indexes within a sequence. A hat (v̂) denotes
a vector with its components sorted in descending order.
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TABLE I
MULTILEVEL MULTIPHASE SVPWM TECHNIQUES UNDER STUDY

Multilevel multiphase SVPWM technique Acronym

Thee-level five-phase d-q SVPWM in [9] SVPWM-5A
Thee-level five-phase d-q SVPWM in [10] SVPWM-5B
Thee-level six-phase d-q SVPWM in [11] SVPWM-6
Thee-level seven-phase d-q SVPWM in [12] SVPWM-7A
Thee-level seven-phase d-q SVPWM in [13] SVPWM-7B

Basic multidimensional SVPWM [14] SVPWM-B
Multidimensional SVPWM with redundancy [15] SVPWM-R

I. INTRODUCTION

MMULTIPHASE machines [1]–[3] have important bene-
fits, which have been discussed in many excellent re-

views published recently [4]–[7]. Multilevel multiphase drives
combine such benefits with those well-known of the multilevel
technology [8]. Application of space vector pulse width mo-
dulation (PWM) (SVPWM) to multilevel multiphase inverters
permits to improve the overall drive performance. Available
multilevel multiphase SVPWM are summarized in Table I and
classified into d-q SVPWM techniques and multidimensional
SVPWM techniques.

The d-q SVPWM techniques perform the calculation in
the d-q subspaces of the multiphase machine, which offers
an excellent insight into the behavior of the drive and fa-
cilitates developing high-performance PWM techniques [16].
Nevertheless, designing a PWM technique in the d-q frame
is challenging because the selection of the switching vectors
has to be made by considering all their components in every
d-q subspace [16], with the additional inconveniences of
their number growing exponentially [17], and their disposition
into subspaces changing erratically with the phase number.
These considerations make the adaptation of a particular
d-q SVPWM algorithm to another case with a different num-
ber of phases or levels unfeasible. As a result, there is no
general d-q SVPWM for any number of levels and phases. All
the reported multilevel multiphase d-q SVPWM techniques,
listed in Table I, are for particular cases of VSI levels and
phases so far. The PWM techniques in this table intended
for the same case differ basically in the use of the inverter
switching state redundancy. The multidimensional SVPWM
techniques avoid the d-q subspace decomposition and follow a
more straightforward approach by formulating the problem in
a multidimensional vector space, which permits to obtain very
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general modulation algorithms at the expense of less insight
into the behavior of the drive. The two multidimensional
SVPWM in Table I can be applied to VSIs with any number
of levels and phases. The SVPWM-R takes advantage of the
switching vector redundancy to reduce the switching losses,
and to support the accomplishment of complementary tasks
like the equal distribution of power losses or the balancing of
floating capacitors. Note that advanced modulation issues, like
discontinuous modulation, random modulation or overmodula-
tion methods, which have been addressed in multilevel three-
phase SVPWM [18] and two-level multiphase SVPWM [1],
[19], have not been studied in multilevel multiphase SVPWM
applications so far. Despite the fact that all the SVPWM
techniques in Table I are only defined in the linear region,
the multidimensional ones can manage any number of levels,
which permits to use the saturation of the output switching
vectors as a basic overmodulation method.

The equivalence between the carrier-based PWM (CBPWM)
and the SVPWM techniques has been studied just for the
multilevel (three-phase) VSIs [20], [21] and for (two-level)
VSIs [22], and the result of the studies cannot be generalized
for the multilevel multiphase applications. For instance, the
zero-sequence injection schemes for three-phase inverters in
[20] and [21] cannot be extended to the five-phase SVPWM-R
case because they are based on the well-known graphical two-
dimensional space-vector diagrams of three-phase inverters,
and the five-phase SVPWM-R is based on a very different
four-dimensional algebraic approach, which has no graphical
two-dimensional representation. The zero-sequence scheme
for two-level five-phase inverters [22] cannot be extended
for the three-level case in [9], [10] either, because the two-
level space-vector diagram, with 31 vectors, is very different
from the three-level one, which has 243 vectors. Comparisons
between multilevel multiphase CBPWM and SVPWM are
sparse, and the knowledge of this topic is very limited [5].
Just some performance similarities have been identified in
the cases of the SVPWM-5B [12], the SVPWM-7B [13]
and the SVPWM-6 [11], but there is no evidence to suggest
that they produce identical results to a CBPWM technique.
The SVPWM-5A and the SVPWM-7A relationships with the
CBPWM have not been studied at all.

The contribution of this paper is to demonstrate that there
is a CBPWM alternative equivalent to each of the high perfor-
mance multilevel multiphase SVPWM techniques. The equi-
valent CBPWM techniques generate the same output voltages
and make the same use of the switching vector redundancy,
as a consequence of producing identical transistor trigger
signals, but with the benefit of a significant reduction in the
computation complexity. The equivalent CBPWM techniques
consist of a phase disposition (PD) PWM (PDPWM) with
appropriate zero sequence injection schemes. Closed-form
expressions to calculate these zero-sequences are deduced
throughout the paper. Simulations and experimental tests with
an field-programmable gate array (FPGA) are carried out to
validate the equivalent CBPWM techniques and to assess the
reduction of the hardware requirements. The methodology
followed in this paper and the general zero-sequence calcu-
lation equation deduced in this work can be applied to other

multilevel multiphase SVPWM techniques, provided they meet
certain conditions.

The rest of the paper is organized as follows. The CBPWM
techniques equivalent to the multidimensional SVPWM and
the d-q SVPWM techniques are obtained in Sections II and
III, respectively. Section IV validates the equivalent CBPWM
techniques by simulation and experiments. Finally, Section V
concludes the work.

II. CBPWM EQUIVALENT TO THE MULTIDIMENSIONAL
SVPWM

The multilevel CBPWM alternatives are classified by the
disposition of the carriers and the zero-sequence injection
scheme. According to the carrier disposition the basic alterna-
tives are the PDPWM, the phase opposition disposition PWM
and the alternative phase opposition disposition PWM [18].
Regarding the the zero-sequence injection schemes, a widely
used continuous modulation strategy is the one obtained with
the double min-max zero-sequence injection scheme [10],
[18], [23], [24], in which the zero sequence is

vz = vz1 + vz2 (1a)

where

vz1 = vo −
mink(vr

k) + maxk(vr
k)

2
(1b)

vz2 =
1

2
−

mink(v′f
k
) + maxk(v′f

k
)

2
(1c)

v′f
k

= (vr
k + vz1)− integ(vr

k + vz1) (1d)

and vo is the normalized voltage of the dc-bus midpoint.
Discontinuous modulation strategies are those that clamp an
arbitrary phase k to a certain output level l during the whole
switching period, in which the zero-sequence is [18], [25]

vz = l − vrk (2)

where vr
k is the normalized voltage reference for phase k.

Application of (1) and (2) is possible for the wide range
of multilevel topologies that produce equally-spaced (by Vdc)
output-voltage levels, as is the case for diode clamped, flying
capacitor and cascaded full-bridge multilevel inverters [18].

A. CBPWM Equivalent to the SVPWM-B

In the SVPWM-B technique, the normalized reference
voltages are gathered in a P -dimensional vector, which is
afterward decomposed into its integer and fractional parts:
vr = vi + vf [14]. Then, the fractional part vf is modulated
by using an inner two-level modulator to obtain a two-level
displaced switching vector sequence {vdj}. Finally, the integer
part is added to every element of the two-level vector sequence
to obtain the multilevel multiphase switching vector sequence
{vsj} = {vi + vdj}. The Matlab function used to implement
the SVPWM-B algorithm, which makes use of a inner two-
level SVPWM function to carry out the two-level modulator,
is provided in the supplementary material of this paper.
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Fig. 1. Equivalence between the two-level multiphase SVPWM and
the CBPWM with leading-edge sawtooth carrier. (Example considering
vf = [0.69, 0.60, 0.11, 0.21, 0.34]T [26]).

The two-level modulator sorts vf in descending order to
obtain the vector v̂f , and from it the sequence of P + 1 dis-
placed switching vectors {vdj} and their corresponding nor-
malized dwell times {tj} are calculated [14]. The examination
of the operations realized by this modulator reveals that all the
displaced vector sequences always start with the zero vector
vd1 = [0, 0, . . . , 0]T, gradually increase each phase one by
one and end with the vector of ones vd(P+1) = [1, 1, . . . , 1]T.
The order in which these increases happen is determined by
the aforementioned sorting operation. The dwell times are the
result of subtracting two consecutive components of vector v̂f .
Fig. 1 illustrates the mathematical operations performed by
the two-level SVPWM with a five-phase example in which
1 > vf

a > vf
b > vf

e > vf
d > vf

c > 0, and compares
them with the operations carried out by the CBPWM with
leading-edge sawtooth carrier. It is inferred that both techni-
ques produce identical results. It is straightforward to extend
this demonstration to reference vectors with their components
sorted differently or with another phase number. For each
extra phase, just an extra switching vector vdj arises in the
SVPWM sequence, and an extra reference signal vf k needs
to be compared with the sawtooth carrier.

The two-level modulators equivalence seen in Fig. 1 can
be extended to the multilevel case since the displacement
introduced by the integer part of the reference vector in the
SVPWM-B algorithm is equivalent to the shifting of the refe-
rence signals to a common carrier band (two-level zone) per-
formed in the practical implementation of the PDPWM [23],
[24]. This analysis formally proves that the plain PDPWM

with leading-edge sawtooth carriers produces identical results
to those obtained with the SVPWM-B, and consequently,
no zero-sequence injection scheme is needed in this case,
regardless of the number of levels and phases:

vz = 0. (3)

Consequently, the PDPWM with triangular carriers is equiva-
lent to the SVPWM-B with the usual symmetrical arrangement
of the switching vectors within the switching period.

B. CBPWM Equivalent to the SVPWM-R

The SVPWM-R produces sorted sequences of adjacent
switching vectors aiming to minimize the switching losses
[15]. Such sequences are made of just P switching vectors,
hence it is a discontinuous technique. In this technique, the
modulation complementary tasks are managed by selecting
a set of P consecutive integer numbers {qm}. All the sets
produce redundant switching vector sequences that differ just
in their common-mode voltage (CMV). Since qm is defined
in [15] as the sum of the components of the mth switching
vector of the sequence, the higher the value of the index qm,
the higher the CMV that is produced by that vector. Like
the SVPWM-B, the SVPWM-R makes use of the inner two-
level modulator seen in Fig. 1, but in this case operating with
(P − 1)-dimension vectors. The Matlab code provided in the
supplementary material of this paper shows the implementa-
tion details of the SVPWM-R algorithm. The equivalence seen
in Fig. 1 between the inner two-level modulator and CBPWM
can be extended to the SVPWM-R to prove that it is also
equivalent to a PDPWM with an appropriate zero-sequence
injection that achieves discontinuous modulation. A detailed
analysis of the operations performed with the {qm} indexes in
the SVPWM-R algorithm leads to the conclusion that for an
arbitrary index sequence {qm} = {q1, . . . , qP } this technique
clamps the phase

k =

{
x for which ω̂f

jP = ωf
x if jP < P

P if jP = P
(4)

to the level
l = nP − integ(vr

k − vrP ) (5)

where

nP = integ
(
(qP − qi)/P

)
(6a)

jP = qP − qi − nPP + 1 (6b)

ω̂f
jP is the jP -th component of vector ωf sorted in descen-

ding order, and ωf and qi can be calculated from vr with the
equations (36) and (50) given in [15], respectively. Then, by
replacing (4) and (5) into (2) and with some manipulations, it
results that the zero-sequence injection scheme that achieves
a (discontinuous) PDPWM equivalent to the SVPWM-R is

vz =

{
nP − vrP − ω̂f

jP if jP < P

nP − vrP if jP = P .
(7)

Note that this is a general expression, valid for any number
of levels and phases, like the SVPWM-R technique.
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Fig. 2. Diagram of equivalences between the multilevel multiphase
SVPWM techniques and the CBPWM, displaying the equations to
calculate the corresponding zero-sequence injection scheme.

The upper part of Fig. 2 summarizes the contributions of
this paper up to this point. The equivalences between the
multilevel d-q SVPWM techniques and the CBPWM one are
quite difficult to demonstrate. In what follows, the demonstra-
tions are addressed by means of an ancillary multidimensional
SVPWM technique, which is referred to as SVPWM-C in
Fig. 2. Such technique is a minor modification of the plain
(discontinuous) SVPWM-R to achieve a continuous variant,
like the d-q SVPWM techniques under study. It should be
noted that the only purpose of this ancillary modulation
algorithm is to facilitate the aforementioned demonstration,
and not to propose a new standalone technique.

C. SVPWM-C Development and Equivalent CBPWM

A P -phase continuous SVPWM technique requires a se-
quence of at least P + 1 switching vectors. The plain
SVPWM-R, as described in [15], produces a sequence of
just P switching vectors, which correspond to the selected
P consecutive qm indexes. Therefore, a sequence of P + 1
switching vectors is readily obtained by using the SVPWM-R
algorithm and selecting one additional consecutive index.
The extra switching vector vs(P+1) obtained in this way is
redundant with the first one vs1:

vs(P+1) = vs1 + [1, 1, . . . , 1]T. (8)

As a consequence, both switching vectors share their dwell
times, which are calculated as

t1 = tP+1 =


(ω̂f

jP − ω̂f
jP+1)/2 if jP < P − 1

ω̂f
P−1/2 if jP = P − 1

(1− ω̂f
1)/2 if jP = P .

(9)

From (8), it is inferred that the extra redundant switching
vector in the sequence vs(P+1) adds some CMV to the output,
whose normalized value is equal to tP+1. Hence, the zero-
sequence injection required to obtain a PDPWM equivalent

Fig. 3. Division of sector 1 into regions considered in SVPWM-5A [9].

to the SVPWM-C can be calculated by increasing the value
calculated with (7) by the amount of tP+1 in (9):

vz =


nP − vrP − (ω̂f

jP + ω̂f
jP+1)/2 if jP < P − 1

nP − vrP − ω̂f
P−1/2 if jP = P − 1

nP − vrP + (1− ω̂f
1)/2 if jP = P .

(10)

III. CBPWM EQUIVALENT TO THE d-q SVPWM

In what follows, the equivalence between the d-q SVPWM
techniques and the CBPWM one is established indirectly by
means of the equivalence between the SVPWM-C and the
PDPWM, as Fig. 2 shows.

A. CBPWM Equivalent to the SVPWM-5A
The SVPWM-5A is a three-level five-phase d-q SVPWM

technique, which is based on the decomposition of the space
vectors into two two-dimensional (2D) subspaces [9], namely,
d1-q1 and d2-q2 planes. It divides the linear region of the d1-
q1 plane into ten sectors, and each sector into ten regions
(A–H, J and K), as shown in Fig. 3. The overmodulation
region is ignored. The switching vector sequence is deter-
mined by identifying the region that the reference vector
occupies. The sequences corresponding to every region are
designed in [9] taking advantage of the switching vector
redundancy to achieve a zero average voltage in the d2-
q2 plane during each switching period, to minimize the
number of switchings, and to improve the balancing of the
capacitor voltages of a neutral point clamped VSI. For in-
stance, the sequence that corresponds to the region A in sec-
tor 1 is {vsj} = {[1, 1, 0, 0, 1]T, [1, 1, 1, 0, 1]T, [1, 1, 1, 1, 1]T,
[2, 1, 1, 1, 1]T, [2, 2, 1, 1, 1]T, [2, 2, 1, 1, 2]T}, which is made of
six adjacent vectors, with the first and the last one being redun-
dant. The same occurs with the sequences corresponding to the
remaining regions, and therefore this d-q SVPWM technique
is likely to be equivalent to the PDPWM. The switching vector
sequences considered in the SVPWM-5A can be obtained by
properly selecting the sequence of the {qm} indexes in the
five-phase SVPWM-C. According to its definition, the qm
index associated with a certain switching vector is equal to
the sum of all its components [15]. The application of this
definition to the elements of the switching vector sequences
given in Table II in [9] results in {qm} = {3, 4, 5, 6, 7, 8}
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for the regions A to H, and {qm} = {2, 3, 4, 5, 6, 7} for the
regions J and K. Therefore, for the equivalent SVPWM-C
algorithm, only the identification of the boundary between
regions H and J is of concern (cf. Fig. 3). Region boundary
equations are given in [9] in terms of the magnitude Vref and
the angle θ of the reference vector in the d1-q1 plane. Since the
SVPWM-C and the CBPWM operate in the non-transformed
vector space, the boundary equations are translated to such
domain. This yields the expression vr

a = vr
e + 1 for the

boundary between regions H and J. As a result, the switching
vector sequences used by the SVPWM-5A are identical to the
ones obtained by the SVPWM-C when the indexes are

{qm} =

{
{3, 4, . . . , 8} if vra < vr

e + 1 (regions A–H)
{2, 3, . . . , 7} otherwise (regions J and K)

(11)
provided the reference vector occupies the first sector. For the
remaining nine sectors, similar expressions can be obtained,
where only the region identification condition changes.

Considering the relationship between the SVPWM-C and
the CBPWM seen in Section II-C, and by combining (10)
with (11) and (6), it is concluded that the SVPWM-5A is fully
equivalent to the PDPWM with the zero-sequence injection

vz =


n5 − vr5 − (ω̂f

j5 + ω̂f
j5+1)/2 if j5 < 4

n5 − vr5 − ω̂f
4/2 if j5 = 4

n5 − vr5 + (1− ω̂f
1)/2 if j5 = 5

(12)

where

n5 =

{
integ

(
(7− qi)/5

)
if vra < vr

e + 1

integ
(
(6− qi)/5

)
otherwise

(13a)

j5 =

{
8− qi − 5n5 if vra < vr

e + 1

7− qi − 5n5 otherwise.
(13b)

B. CBPWM Equivalent to the SVPWM-5B
The SVPWM-5B [10] is a modification of the SVPWM-5A

that uses the switching vector redundancy to reduce the vari-
ations of the output CMV. This is achieved by halving every
sector (see dash-dotted line in Fig. 3), which increases the
number of regions per sector from 10 to 14, and by selecting
an appropriate switching vector sequence for each region
[10]. Following the same procedure as in Section III-A, the
following is inferred. Firstly, the switching vector sequences
proposed in [10] for all regions in the lower half sector have
qm indexes equal to {3, 4, . . . , 8}, while those of the upper
half sector are equal to {2, 3, . . . , 7}. Secondly, the condition
to evaluate if the region where the vector lies is in the lower
half sector can be written as vre > 0. Therefore, if the indexes

{qm} =

{
{3, 4, . . . , 8} if vre > 0 (lower half sector)
{2, 3, . . . , 7} otherwise (upper half sector)

(14)
are selected within the SVPWM-C algorithm, the obtained
switching vector sequences are identical to the ones obtained
by the SVPWM-5B, provided the reference vector lies in
the first sector. Similar expressions can be obtained for the
remaining sectors.

Fig. 4. Division of first sector into regions considered in SVPWM-7A
[12].

The comparison of (14) with its counterpart (11) reveals
that both expressions have the same form, and consequently,
a PDPWM fully equivalent to the SVPWM-5B is obtained
with the zero-sequence injection scheme given in (12) with

n5 =

{
integ

(
(7− qi)/5

)
if vre > 0

integ
(
(6− qi)/5

)
otherwise

(15a)

j5 =

{
8− qi − 5n5 if vre > 0

7− qi − 5n5 otherwise.
(15b)

Moreover, the zero sequence obtained by combining (12)
with (15) is equal to the one obtained with (1) when vo = 1,
which also proves that the SVPWM-7B is fully equivalent to
a PDPWM with double min-max zero-sequence injection.

C. CBPWM Equivalent to the SVPWM-7A

The SVPWM-7A [12] is the extension of the SVPWM-5A
for seven-phase neutral point clamped VSIs, where the space
vectors are decomposed into three planes: d1-q1, d2-q2 and
d3-q3. The linear region of the d1-q1 plane is divided into
14 sectors, and then each sector into 18 regions, as shown
in Fig. 4. The overmodulation region is ignored. The region
where the reference vector lies determines the switching vector
sequence, which is composed of eight adjacent vectors that
produce zero voltage in the d2-q2 and d3-q3 planes on average
during the switching period. Following the same procedure as
in Section III-A, it is inferred that this PWM technique is also
fully equivalent to the SVPWM-C when

{qm} =

{
{4, 5, . . . , 11} if vra < vr

c + 1 (regions 1–16)
{3, 4, . . . , 10} otherwise (regions 17 and 18)

(16)
provided the reference lies in the first sector. Similar expres-
sions can be obtained for the remaining 13 sectors.

Considering the relationship between the SVPWM-C and
CBPWM, and by combining (10) with (16), it is deduced that
the SVPWM-7A is fully equivalent to the PDPWM with a
zero-sequence injection calculated as

vz =


n7 − vr7 − (ω̂f

j7 + ω̂f
j7+1)/2 if j7 < 6

n7 − vr7 − ω̂f
6/2 if j7 = 6

n7 − vr7 + (1− ω̂f
1)/2 if j7 = 7

(17)
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where

n7 =

{
integ

(
(10− qi)/7

)
if vra < vr

c + 1

integ
(
(9− qi)/7

)
otherwise

(18a)

j7 =

{
11− qi − 7n7 if vra < vr

c + 1

10− qi − 7n7 otherwise.
(18b)

D. CBPWM Equivalent to the SVPWM-7B

The SVPWM-7B [13] is a modification of the SVPWM-7A
in which every sector is halved, analogously to its five-
phase counterpart (i.e., SVPWM-5B). The application of the
procedure in Section III-A leads to the conclusion that this
technique is equivalent to the SVPWM-C when the following
sequence of indexes is selected

{qm} =

{
{3, 4, . . . , 10} if vrc < 0 (lower half sector)
{4, 5, . . . , 11} otherwise (upper half sector)

(19)
provided the reference vector lies in the first sector. Similar
expressions are obtained for the remaining 23 sectors. Once
again, (19) is similar to its counterpart (16); and thus, the
PDPWM with the zero sequence given in (17) with

n7 =

{
integ

(
(9− qi)/7

)
if vrc < 0

integ
(
(10− qi)/7

)
otherwise

(20a)

j7 =

{
10− qi − 7n7 if vrc < 0

11− qi − 7n7 otherwise
(20b)

is fully equivalent to the SVPWM-7B. Furthermore, the com-
bination of (17) with (20) leads to (1) when vo = 1. This also
proves that the SVPWM-7B is equivalent to a PDPWM with
double min-max zero-sequence injection.

E. Generalization to Other d-q SVPWM Techniques

Even though no general multilevel multiphase d-q SVPWM
technique is available so far, the procedure developed in this
section to obtain an equivalent PDPWM can be applied to
other cases, provided the switching vector sequences used by
the modulation technique are made of adjacent vectors sorted
in ascending order of their magnitude. These are conditions
usually fulfilled by the PWM techniques because the typical
requirement of switching loss minimization leads to the con-
sideration of this kind of switching vector sequences. In this
case, the appropriate zero-sequence injection scheme can be
calculated in general by means of (10), which is valid for
any number of levels and phases. Its particularization for five
(P = 5) and seven phases (P = 7) leads to (12) and (17),
respectively. Note that, in all these expressions, the parameters
nP and jP depend on {qm} [cf. (6)], which itself depends on
the particular switching vector sequence assigned to each d-q
region in the d-q SVPWM technique. No general expression
can be provided to calculate nP and jP because there is no
general methodology to perform the aforementioned assigna-
tion, since it is usually made to fulfill an arbitrary modulation
complementary task by taking advantage of the switching
redundancy in the VSI.

TABLE II
LIST OF SIMULATION AND EXPERIMENTAL TESTS

Test SVPWM Zero-sequence injection scheme

#1 SVPWM-B Eq. (3)
#2 SVPWM-R Eq. (7)

#3 SVPWM-5A Eqs. (12) & (13)
#4 SVPWM-5B Eqs. (12) & (15)
#5 SVPWM-7A Eqs. (17) & (18)
#6 SVPWM-7B Eqs. (17) & (20)

The algorithm in SVPWM-6 [11] meets the aforementioned
conditions; thus, the proposed procedure can be applied to
this technique as well. In this case, the result obtained is
vz = 0 (i.e., no zero-sequence injection scheme is required)
for every d-q region, which leads to the conclusion that the
SVPWM-6 produces identical results to a plain three-level
six-phase PDPWM. This finding is in agreement with the
experimental results obtained in [11].

Finally, the exact equivalence between SVPWM and
CBPWM has the added value of permitting to apply the vast
knowledge on the latter to the former. For the sake of example,
the methodology presented in [18] can now be applied to
the assessment of the switching harmonics produced by the
multilevel multiphase SVPWM techniques. Additionally, it
eases the comparison of SVPWM techniques among them,
which now can be done by comparing the zero-sequence
injection schemes corresponding to each one of them.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The multilevel multiphase SVPWM techniques are compa-
red by simulation and by experimental tests with the proposed
CBPWM counterparts to verify the claimed equivalences. The
arrows depicted in Fig. 2 may be used as a guide along this
section. The six tests listed in Table II have been conducted
to verify the proposed zero-sequence injection schemes that
achieve PDPWM techniques equivalent to the multidimensi-
onal SVPWM and the d-q SVPWM techniques under study.
For the multidimensional SVPWM tests, a five-level five-phase
inverter is considered, which enters the overmodulation area
for m > 2.0 p.u. in the case of the SVPWM-B (test #1) and
for m > 2.102 p.u. in the case of the SVPWM-R (test #2).

A. Simulation Results
The simulations have been carried out in Matlab, taking

into account the following considerations. A small ratio of
the switching frequency to the fundamental frequency mf =
20 is used to facilitate the comparison of the output voltage
waveforms. Only half the fundamental cycle is plotted because
of the half-wave symmetry obtained with integer mf . Only
phase a is shown since it is representative of the other phases.

1) Multidimensional SVPWM: A balanced five-phase sinus-
oidal reference with normalized amplitudes of m = 1.6 p.u.,
within the linear range, and m = 2.3, in the overmodulation
range, is considered in the set of simulations shown in tests
#1 and #2. The normalized output voltages obtained by the
SVPWM-B and the PDPWM with the null zero-sequence
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Fig. 5. Simulation comparison of the multidimensional SVPWM techni-
ques with the PDPWM with the proposed zero-sequence injection
schemes. (a) Test #1: SVPWM-B with m = 1.6 (linear region). (b) Test
#1: SVPWM-B with m = 2.3 (overmodulation). (c) Test #2: SVPWM-R
with m = 1.6 (linear region). (d) Test #2: SVPWM-R with m = 2.3
(overmodulation).

injection in (3) are plotted in Figs. 5(a) and 5(b). Figs. 5(c) and
5(d) compare the output obtained by means of the SVPWM-R
with the output obtained by means of the PDPWM with the
zero-sequence injection computed with (7). No differences
between the SVPWM and the CBPWM techniques are no-
ticeable, which validates the equivalence and the proposed
zero-sequence injection schemes, nor in the linear nor in the
overmodulation range.

2) d-q SVPWM: A balanced sinusoidal reference with a
normalized amplitude of m = 0.8 p.u., within the linear
range, is considered in the tests #3 to #6. The comparison
in the overmodulation region is not feasible because all the
d-q SVPWM techniques under study are undefined in such
region. Fig. 6(a) plots the normalized outputs obtained in
test #3 and shows that the output obtained by using the
SVPWM-5A is identical to the one obtained by using the
PDPWM with the zero-sequence injection calculated with (12)
and (13). The same occurs in tests #4, #5 and #6 [cf. Figs. 6(b)

(a)

(b)

(c)

(d)

Fig. 6. Simulation comparison of the multilevel d-q SVPWM techniques
with the PDPWM with the proposed zero-sequence injection sche-
mes. (a) Test #3: SVPWM-5A. (b) Test #4: SVPWM-5B. (c) Test #5:
SVPWM-7A. (d) Test #6: SVPWM-7B.

to 6(d)], in which the outputs produced by the d-q SVPWM
techniques are identical to the ones produced by the PDPWM
with the zero-sequence injection calculated with the equations
indicated in Table II.

In order to quantify the differences between the PWM
techniques under comparison, the variable δ is defined as the
rms value of the differences between the normalized output
voltages of every phase. Fig. 7 plots the figure δ against the
normalized amplitude m of the sinusoidal voltage reference
and against the frequency modulation index mf . Results in the
overmodulation region are highlighted for multidimensional
SVPWM (i.e., tests #1 and #2). The d-q SVPWM techniques
are simulated just in the linear range (i.e., m ≤ 1.051 p.u. in
tests #3 and #4, and m ≤ 1.026 p.u. in tests #5 and #6). The
frequency modulation index range includes integer and non
integer values. In all cases, δ is less than 1.5 × 10−7 p.u.,
which leads to the conclusion that there are no practical
differences between the compared techniques, even though
such difference is non-zero, as it could have been expected,
due to the usual rounding errors in numerical simulations.
Extensive simulations for other phase numbers (not plotted)
have been carried out rendering identical conclusions.
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Fig. 7. Value of the rms difference between the output of the SVPWM
and the equivalent PDPWM algorithms.
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Fig. 8. Experimental setup. (a) Block diagram. (b) Picture.

B. Experimental Results

The CBPWM techniques and their equivalence with the
SVPWM techniques are also verified in the laboratory with the
experimental setup depicted in Fig. 8. The PWM techniques
under study are implemented in a Spartan-3 XC3S200 FPGA
from Xilinx, which generates the VSI trigger signals. The
reference voltage signals to the FPGA are provided by a
dSPACE DS1103 PPC Controller Board. A cascaded full-
bridge topology has been used in the experiments because
of its modular nature [27], which can be configured to make
the VSIs with the different number of levels and phases
required in the experiments. Two full-bridges are connected

Sim. SVPWM-B

SVPWM-B

Plain PDPWM

(a)

Sim. SVPWM-B

SVPWM-B

Plain PDPWM

(b)

Sim. SVPWM-R

SVPWM-R

PDPWM with
zero sequence
injection

(c)

Sim. SVPWM-R

SVPWM-R

PDPWM with
zero sequence
injection

(d)

Fig. 9. Experimental comparison of the multidimensional SVPWM
techniques with the PDPWM with the proposed zero-sequence injection
schemes. RefA: simulated output voltage waveform. RefB and CH1: ex-
perimental output voltage waveforms. (a) Test #1: SVPWM-B (m = 1.6).
(b) Test #1: SVPWM-B (m = 2.3). (c) Test #2: SVPWM-R (m = 1.6).
(d) Test #2: SVPWM-R (m = 2.3).

in series to configure each phase of the five-level inverter,
and just one full-bridge is required for every phase of the
three-level inverters. Each full-bridge module is composed of
four IRGB6B60KD transistors fed from the utility grid with a
4:1 single-phase transformer and a full-bridge diode rectifier,
which gives Vdc = 84 V. The switching frequency is 977 Hz.
This particular value (close to 1 kHz) results from using 10-bit
up-down counters connected to a 1-MHz clock in the FPGA to
implement the carrier generators. No dead-time compensation
scheme is used to alleviate the effects of the 4-µs dead time
introduced by the transistor drivers. A balanced star-connected
load with R = 810 Ω in series with L = 1.2 H is considered.

All the simulation tests have been reproduced in the la-
boratory. Measurements of VSI output voltages and the in-
stantaneous zero-sequence component have been made with
a Tektronix TPS2014 digital oscilloscope. To facilitate the
analysis of the experimental data, the simulation waveform
corresponding to each test (cf. Figs. 5 and 6) was transferred
to the reference memory waveform RefA of the oscilloscope
by means of a comma-separated values file. Since the two
PWM techniques under comparison cannot be run in parallel,
the output waveform measured using the first one is stored
in oscilloscope memory RefB, while the measurement made
using the second one is displayed in channel CH1. Synchroni-
zation of all captures is achieved by using an external trigger
signal generated by the dSPACE board.

Measurements of the output voltage of phase a and the zero-
sequence component of the output voltage obtained in tests #1
and #2, which compare the multidimensional SVPWM techni-
ques with their equivalent CBPWM counterparts, are shown in
Figs. 9 and 10, respectively. Results obtained in tests #3 to #6,
which compare each d-q SVPWM with its equivalent PDPWM
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Fig. 10. Experimental comparison of the multidimensional SVPWM
techniques with the PDPWM with the proposed zero-sequence injection
schemes. RefA: simulated instantaneous zero-sequence waveform.
RefB and CH1: experimental instantaneous zero-sequence waveforms.
(a) Test #1: SVPWM-B with m = 1.6 (linear region). (b) Test #1:
SVPWM-B with m = 2.3 (overmodulation). (c) Test #2: SVPWM-R
with m = 1.6 (linear region). (d) Test #2: SVPWM-R with m = 2.3
(overmodulation).

with proposed zero-sequence injection schemes are shown in
Figs. 11 and 12. All the measurements in all the tests show
similar results for the simulations (RefA) and the experimental
waveforms (RefB & CH1), except for some short pulses that
are lost because of dead times. More importantly, in all cases
the differences between the two experimental measurements
(i.e., RefB versus CH1) are negligible, which validates the
equivalence between the multilevel multiphase SVPWM and
the CBPWM techniques contributed in Fig. 2. For the case of
multidimensional SVPWM techniques, the equivalence holds
even in the overmodulation region. Oscilloscope captures
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SVPWM-5A

PDPWM with zero
sequence injection

(a)

Sim. SVPWM-5B

SVPWM-5B

PDPWM with zero
sequence injection

(b)
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SVPWM-7A

PDPWM with zero
sequence injection

(c)

Sim. SVPWM-7B

SVPWM-7B

PDPWM with zero
sequence injection

(d)

Fig. 11. Experimental comparison of the multilevel d-q SVPWM techni-
ques with the PDPWM with the proposed zero-sequence injection sche-
mes. RefA: simulated output waveform. RefB and CH1: experimental
output waveforms. (a) Test #3: SVPWM-5A. (b) Test #4: SVPWM-5B.
(c) Test #5: SVPWM-7A. (d) Test #6: SVPWM-7B.

of the fast Fourier transforms (FFTs) of the instantaneous
zero-sequence voltages obtained with the proposed CBPWM
techniques are also included in Figs. 10 and 12. The FFTs
obtained with the original SVPWM techniques are not shown
because they are very similar, as it is expected, since the time-
domain waveform counterparts have no significant differences.
The minor differences in the time-domain waveforms and the
FFTs are all attributed to measurement error.

Comparisons up to this point permit to validate the proposed
equivalent CBPWM techniques from the load point of view. To
validate the equivalence from the converter point of view, the
transistor trigger signals are compared in Figs. 13 and 14. In
the SVPWM techniques, these trigger signals are calculated
from the switching vectors by means of some trigger logic,
which depends on the converter topology and the desired
modulation complementary tasks. The same trigger logic is
used to calculate the trigger signals from the results of the
arithmetic comparison between voltage reference and car-
riers in the equivalent CBPWM counterparts. No differences
are noticed in Figs. 13 and 14 between the trigger signals
obtained with the original SVPWM algorithm and those of
the equivalent CBPWM. This reveals that the converter sees
no difference between them, and consequently, all converter
issues like switching losses, capacitor balancing, etc. do not
change with the equivalent CBPWM techniques.

The only difference between the PWM techniques under
comparison resides in the computational complexity. A simple
inspection of the modulation techniques under consideration
reveals that all the SVPWM algorithms are much more in-
volved than their equivalent CBPWM counterparts. This is
validated with the hardware resource comparison performed
in Fig. 15, which shows that all the CBPWM algorithms
use fewer slices than the SVPWM counterparts. The same
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Fig. 12. Experimental comparison of the multilevel d-q SVPWM techni-
ques with the PDPWM with the proposed zero-sequence injection sche-
mes. RefA: simulated output waveform. RefB and CH1: experimental
output waveforms. (a) Test #3: SVPWM-5A. (b) Test #4: SVPWM-5B.
(c) Test #5: SVPWM-7A. (d) Test #6: SVPWM-7B.

occurs to the CBPWM processing time, which is lower as
well. Despite the fact that all SVPWM algorithms easily fit in
state-of-art FPGAs, the equivalent CBPWM counterparts are
best suited for real-world applications because they are easier
to implement and make a more efficient use of computing
hardware.

V. CONCLUSION

In this paper, CBPWM techniques equivalent to the mul-
tilevel multiphase SVPWM techniques are proposed. Each
of them consist of a PDPWM with a certain zero-sequence
injection scheme. Closed-form mathematical expressions for
the calculation of such zero-sequences are derived throughout
the paper, which are valid for the same number of levels
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Fig. 13. Trigger signal (phase a) comparison of the multidimensional
SVPWM techniques with the PDPWM with the proposed zero-sequence
injection schemes. Ta

Rn and T̄a
Ln are the triggers of the upper-right and

the lower-left transistors of the nth cascaded full-bridge of phase a,
respectively. (a) Test #1: SVPWM-B (m = 1.6). (b) Test #1: SVPWM-B
(m = 2.3). (c) Test #2: SVPWM-R (m = 1.6). (d) Test #2: SVPWM-R
(m = 2.3).
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Fig. 14. Trigger signal (phases a & b) comparison of the multilevel
d-q SVPWM techniques with the PDPWM with the proposed zero-
sequence injection schemes. Tk

R1 and T̄k
L1 are the triggers of the

upper-right and the lower-left transistors of the full-bridge of phase k,
respectively. () Test #3: SVPWM-5A. () Test #4: SVPWM-5B. () Test #5:
SVPWM-7A. () Test #6: SVPWM-7B.

and phases of the original SVPWM, i.e, for any number of
levels and phases in the case of the multidimensional SVPWM
techniques and for particular level and phase numbers in
the cases of the d-q SVPWM techniques. Nevertheless, the
methodology followed in the paper can be generalized to
other d-q SVPWM techniques with other number of levels or
phases, provided they meet certain conditions.

It is shown that the equivalent CBPWM techniques produce
identical results from both the converter and the load points
of view, but with significant reduction of the computation
complexity. The proposed equivalent CBPWM techniques are
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Fig. 15. Comparison of hardware resources used by the tested algo-
rithms.

validated through extensive simulations and experimental tests.
The equivalent CBPWM techniques use notably fewer har-
dware resources than the original SVPWM counterparts, which
makes them the preferred choice in practical applications.
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