
Biblioteca Universitaria 

Área de Repositorio Institucional 

Tfno.: 986 813 821 

investigo@uvigo.gal 

Citation for published version: 

Ó. López et al., "Space-Vector PWM With Common-Mode Voltage Elimination for 

Multiphase Drives," in IEEE Transactions on Power Electronics, vol. 31, no. 12, pp. 8151-

8161, Dec. 2016, doi: 10.1109/TPEL.2016.2521330. 

Peer reviewed version 

Link to published version: 10.1109/TPEL.2016.2521330. 

General rights: 

© 2016 IEEE. Personal use of this material is permitted.  Permission from IEEE must 

be obtained for all other uses, in any current or future media, including 

reprinting/republishing this material for advertising or promotional purposes, creating 

new collective works, for resale or redistribution to servers or lists, or reuse of any 

copyrighted component of this work in other works. 

mailto:investigo@uvigo.gal


Space-Vector PWM With Common-Mode Voltage
Elimination for Multiphase Drives
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Abstract—Switching common-mode voltage (CMV) generated
by the pulse width modulation (PWM) of the inverter causes
common-mode currents, which lead to motor bearing failures
and electromagnetic interference problems in multiphase drives.
Such switching CMV can be reduced by taking advantage of the
switching states of multilevel multiphase inverters that produce
zero CMV. Specific space-vector PWM (SVPWM) techniques with
CMV elimination, which only use zero CMV states, have been pro-
posed for three-level five-phase drives, and for open-end winding
five-, six-, and seven-phase drives, but such methods cannot be ex-
tended to a higher number of levels or phases. This paper presents a
general (for any number of levels and phases) SVPMW with CMV
elimination. The proposed technique can be applied to most multi-
level topologies, has low computational complexity and is suitable
for low-cost hardware implementations. The new algorithm is im-
plemented in a low-cost field-programmable gate array and it is
successfully tested in the laboratory using a five-level five-phase
motor drive.

Index Terms—Common-mode voltage elimination, field-
programmable gate array (FPGA), multiphase drive, space-vector
pulse width modulation (PWM), voltage source inverter (VSI).

NOMENCLATURE

fs Switching frequency.
m Modulation index.
P Number of drive phases.
T Switching period.
Tj Dwell time of the switching vector vs j .
tj Normalized dwell time Tj .
Vdc Voltage step of the multilevel inverter.
Vr ∈ RP . Reference voltage vector.
vr ∈ RP . Normalized reference voltage vector.
v̌r = B−1P̃vr ∈ RP . Transformed reference vector.
vsj ∈ ZP . jth switching vector in the switching sequence.
v̌sj = B−1P̃vs j ∈ ZP . Transformed switching vector.
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ωr = Rvr ∈ RP −1 . Reduced reference vector.
ωsj = Rvs j ∈ ZP −1 . jth reduced switching vector.
v̇ = Ṗv. Homopolar component of vector v, i.e., (CMV).
ṽ = v − v̇ = P̃v. Nonhomopolar component of v.
vT Transpose of vector v.

Vectors and matrices are named with bold letters, while scalars,
with normal ones. Lowercase is used for normalized variables.
Variables related to reduced vector space are written with Greek
letters. Superscripts (k) denote the phase, whereas subscripts (j)
indicate the position of vectors within sequences.

I. INTRODUCTION

MULTIPHASE adjustable speed drives have gained in-
creasing attention in last years due to their advantages

when compared with three-phase ones [1], [2], namely reduced
current rating of inverter switches, fault tolerance [3], [4], and
reduced torque pulsations [5].

The CMV is a concern in multiphase drives [6]–[9] because,
as in their three-phase counterparts, it is the origin of common-
mode currents that lead to premature motor bearing failures, and
undesirable electromagnetic interferences [10]–[14]. The main
causes that contribute to such currents in drives with VSI and
PWM are the capacitive currents, the circulating bearing cur-
rents and the rotor ground currents generated by the high dv/dt
at the motor terminals, in addition to the electrostatic discharge
machining (EDM) currents that arise when the threshold voltage
of the bearings is exceeded [13], [14].

Traditional methods to alleviate the adverse effects of CMV
rely on passive filters that prevent common-mode currents from
flowing [15], [16]. The CMV can also be reduced without addi-
tional filtering elements, which increase the cost and decrease
the power density, by means of enhanced control or PWM tech-
niques. In two-level multiphase drives, the CMV was reduced
by means of predictive control techniques [17], [18] or by means
of enhanced space-vector PWM (SVPWM) techniques [6], [7],
[19], [20].

Multilevel VSIs are well known to produce a CMV with low
dv/dt, which inherently reduces capacitive, circulating bear-
ing, and rotor ground currents [21], [22]. Additionally, they
are also able to reduce the EDM currents by taking advan-
tage of the redundant switching states, which produce the same
line-to-line voltage but different CMV. Hence, these redundant
states allow multilevel VSIs to effectively reduce the common-
mode currents if only the states that keep the CMV constant
are used [23]. Since such constant voltage is usually taken as
the reference voltage, such states are referred to as zero CMV
switching states, and the PWM techniques that make use only



and exclusively of such states are named SVPMW with CMV
elimination [24], [25]. However, very few attempts have been
made to develop PWM methods aiming at CMV elimination for
multilevel multiphase drives [26], and most of the them are in the
context of open-end winding topologies [24], [27]–[29]. In [26],
the common-mode currents are reduced in a single-ended five-
phase drive by using only the 53 zero CMV switching states that
are available in a three-level neutral-point-clamped VSI. The
SVPMW techniques with CMV elimination proposed in [24]
and [27] allow to use a single dc source to feed a five-phase
open-end winding motor thanks to a significant reduction of the
common-mode currents. The works in [24], [26], and [27] in
essence propose several three-level five-phase SVPWM al-
gorithms based on the multiple d-q spaces concept [30]. In
five-phase systems, there are two d-q planes, one more than in
three-phase systems. This fact makes the modulation problem
much more challenging because it requires selecting the switch-
ing vectors simultaneously in both planes, with the significant
inconvenience that a switching vector close to the reference in
the first plane can be far away from it in the second one [27],
[31]. Consequently, the well-known three-phase SVPWM algo-
rithms with CMV elimination cannot be extended to five-phase
VSIs. Likewise, the algorithms in [24], [26], and [27] neither
can be extended for VSIs with more than five phases. For six-
and seven-phase open-end winding motor drives, two particular
SVPWM techniques are proposed in [28] and [29], respectively.
Since these two techniques are also based in the d-q spaces con-
cept they can be neither extended for a different number of
phases.

Having to look for switching vectors in several planes simul-
taneously, together with the fact that the number of switching
states in each plane increases dramatically with the number
of levels and phases [31], [32], make the SVPWM algorithms
based on the d-q planes unfeasible even for VSIs with a moder-
ate number of phases or levels. Such limitation has been over-
come in [33]–[36] by avoiding the d-q planes and formulating
the SVPWM problem in a multidimensional vector space. Even
though the techniques in [33]–[36] can be applied to VSIs with
any number of levels and phases, they are not able to eliminate
the CMV and their adverse effects.

In summary, SVPWM with CMV elimination has not been
dealt with for drives with more than seven phases and three
levels. The contribution of this paper is to fill such gap with
a generic (i.e., any number of levels and phases) SVPWM al-
gorithm with CMV elimination. This objective is achieved by
means of a multidimensional formulation of the problem. The
new technique can be applied to a wide variety of multilevel
topologies, it has a low computational cost that is independent
of the number of levels and it is well suited for real-time hard-
ware implementation.

The rest of this paper is organized as follows. Section II
presents a rigorous demonstration of the proposed SVPWM
algorithm, its required steps and an example. In Section III, the
performance of the new modulation technique is assessed in
terms of number of switchings, linear range of the modulation
index, and CMV elimination. In Section IV, the algorithm is
implemented in a field-programmable gate array (FPGA) and is
tested by means of a five-level five-phase motor drive prototype.
Finally, Section V concludes this study.

II. ALGORITHM DEVELOPMENT

A. Algorithm Formulation

The SVPWM techniques are used in conjunction with VSIs
to approximate a voltage reference vector Vr by means of
a sequence of l switching vectors {Vs1 , Vs2 , . . . ,Vs l},
where each switching vector Vs j is applied during an in-
terval Tj in the modulation period T . The reference vec-
tor Vr = [V 1

r , V 2
r , . . . , V P

r ]T gathers the voltage references
for each phase of the VSI, whereas each switching vector
Vs j = [Vs

1
j , Vs

2
j , . . . , Vs

P
j ]T includes the switching state of

each VSI leg. Therefore, the reference and the switching vectors
belong to the multidimensional space RP , where P is the num-
ber of phases of the VSI [36]. In the most common multilevel
topologies, such as flying capacitor, diode-clamped, cascaded
full-bridge or some hybrid VSIs, the output of each phase Vs

k
j

is an integer multiple of a fixed voltage step Vdc [37], [38]

Vs
k
j = nVdc , n ∈ Z. (1)

If the voltage step and the modulation period are used to nor-
malize all vectors and dwell times, i.e.

vr =
Vr

Vdc
= [vr

1 , vr
2 , . . . , vr

P ]T ∈ RP (2)

vs j =
Vs j

Vdc
= [vs

1
j , vs

2
j , . . . , vs

P
j ]T ∈ zP (3)

tj =
Tj

T
∈ R (4)

then, the normalized switching vectors vs j become integer vec-
tors and the dwell times become real numbers in the range [0, 1].
The relation among the reference vector, the switching vectors
and their dwell times can be expressed as a function of the
normalized variables as [36]

vr =
l∑

j=1

vs j tj ,

l∑

j=1

tj = 1. (5)

Consequently, for a given reference vector vr , the modula-
tion law in (5) has to be solved in order to find a proper se-
quence of switching vectors {vs j} with their corresponding
dwell times {tj}. Additionally, an SVPWM aiming to eliminate
the CMV should only use the switching vectors that produce
zero CMV. The CMV produced by the switching vector vs j is

Vn =
1
P

P∑

k=1

vs
k
j Vdc (6)

and therefore, the switching vector should obey the following
zero-CMV condition to be used:

P∑

k=1

vs
k
j = 0. (7)

Every switching vector can be decomposed into the addition
of a homopolar component v̇s j plus a nonhomopolar component



ṽs j as

vs j = v̇s j + ṽs j (8)

v̇s j = Ṗvs j (9)

ṽs j = P̃vs j (10)

where Ṗ and P̃ are the following P × P real matrices:

Ṗ =
1
P

⎡

⎢⎢⎢⎢⎣

1 1 · · · 1

1 1 · · · 1
...

...
. . .

...

1 1 · · · 1

⎤

⎥⎥⎥⎥⎦
(11)

P̃ = I − Ṗ (12)

and I is the identity matrix. The zero-CMV condition in (7) can
be expressed either as a function of the homopolar component
or as a function of the nonhomopolar component as

v̇s j = 0 ṽs j = vs j . (13)

The application of the decomposition defined in (8) to the
modulation law in (5) results in

v̇r + ṽr =
l∑

j=1

v̇s j tj +
l∑

j=1

ṽs j tj (14)

where

v̇r = Ṗvr ∈ RP (15)

ṽr = P̃vr ∈ RP . (16)

Since Ṗ and P̃ are complementary projections (i.e., ṖṖ = Ṗ
and P̃ + Ṗ = I) [39], it follows that the decomposition in (14)
may be split into two independent parts

v̇r =
l∑

j=1

v̇s j tj (17)

ṽr =
l∑

j=1

ṽs j tj . (18)

Equation (17) and the zero-CMV condition v̇s j = 0 can only
be true at the same time if v̇r = 0. Thus, an SVPWM technique
with CMV elimination can only synthesize the nonhomopolar
component of the reference vector ṽr . Considering (5), (13),
and (18), the following comprehensive modulation law for an
SVPWM algorithm with CMV elimination is inferred:

ṽr =
l∑

j=1

vs j tj ,

l∑

j=1

tj = 1, v̇s j = 0. (19)

The zero-CMV condition impedes the straightforward appli-
cation of the method in [36] to (19). Nevertheless, reformula-
tion of (19) in a transformed vector space will allow the basic
multilevel multiphase SVPWM algorithm in [36] (hereinafter,
B-SVPWM) to be applied to the transformed modulation law in
order to obtain a multilevel multiphase SVPWM technique with
CMV elimination (hereinafter, CME-SVPWM).

The B-SVPWM is a general modulation technique valid for
any number of levels and phases that provides, for a given
reference vector, a sorted sequence of switching vectors with
the corresponding dwell times. Its computational complexity
is low since it basically requires sorting the fractional part of
the components of the reference vector and a few arithmetical
operations.

B. Modulation Law in a Transformed Vector Space

The switching vectors of a P -phase VSI are P -dimensional
vectors that can be expressed as a linear combination of P basis
elements

vs j =
P∑

k=1

v̌s
k
j bk (20)

where v̌s
k
j are the coordinates of the vector vs j with respect

to the basis formed by {b1 ,b2 , . . . ,bP }. The aforementioned
equation can be rewritten as

vs j = Bv̌s j (21)

where B = [b1 ,b2 , . . . ,bP −1 ,bP ] is the P × P matrix whose
columns are the vectors of the basis [39], and v̌s j =
[v̌s

1
j , v̌s

2
j , . . . , v̌s

P
j ]T is the transformed switching vector. An

appropriate transformed space vector for solving (19) is the one
defined by the following basis:

b1 = [1,−1, 0, 0, . . . , 0, 0]T

b2 = [0, 1,−1, 0, . . . , 0, 0]T

b3 = [0, 0, 1,−1, . . . , 0, 0]T

...
...

bP −1 = [0, 0, 0, 0, . . . , 1,−1]T

bP = [1, 1, 1, 1, . . . , 1, 1]T (22)

in which the basis elements {b1 ,b2 , . . . ,bP −1} are P − 1
linearly independent vectors with zero homopolar component
(Ṗbk = 0), and bP is a vector that only has homopolar com-
ponent (ṖbP = bP ).

To express the zero-CMV condition in the transformed vector
space, it is necessary to write the homopolar component of the
switching vectors as a linear combination of the basis elements.
It can be done by taking into account (9), (20), and (22) as
follows:

v̇s j =
P∑

k=1

v̌s
k
j Ṗbk = v̌s

P
j bP . (23)

Therefore, in the transformed vector space, the zero-CMV
condition in (13) can be expressed as v̌s

P
j = 0 and the

comprehensive modulation law in (19) as

v̌r =
l∑

j=1

v̌s j tj ,

l∑

j=1

tj = 1, v̌s
P
j = 0 (24)















and In , which depends on the nonlinear behavior of the motor
and not on the modulation process [24].

V. CONCLUSION

This paper has presented for the first time a generic multi-
level SVPWM technique with CMV elimination for multiphase
drives, which only uses switching states that produce zero CMV.
The main contribution of the new modulation technique is its va-
lidity for VSIs with any number of phases and levels. In addition,
it can be applied to a wide variety of multilevel topologies, it has
a low computational cost, which is independent of the number
of levels, and it does not use trigonometric functions or look-up
tables. A five-level five-phase version has been implemented in a
low-cost FPGA, and successfully tested with an induction motor
drive. Experiments have shown that the common-mode currents
are dramatically reduced, although not completely eliminated
because of VSI’s and motor’s nonideal behavior.
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