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Abstract. Multi-phase machines and drives is a topic of
growing relevance in recent years, and it presents many
challenging issues that still need further research. This
is the case of multi-phase space vector pulse width
modulation (SVPWM), which shows not only more
space vectors than the standard three-phase case, but
also new subspaces where the space vectors are
mapped. Different approaches have been recently
followed, and the aim of this paper is to review and
classify these methods. Comparative results are
included to highlight the weak and strong points of the
different methods. Finally some conclusions are
extracted pointing out the problems that still need to be
solved.

Keywords: Multi-phase systems, voltage source
inverter, space vector modulation, pulse width
modulation.

1. Introduction

The interest in multi-phase motor drives has increased
in recent years due to several advantages when
compared to three-phase drives [1-2]. Some of these
advantages are known from the early days of the multi-
phase drives [3], although they have recently
considered with high-level analysis [4]. These
advantages are inherent to the own structure of the
machine, and include less torque ripple, less acoustic
noise and losses, reduced current per phase or increased
reliability due to the additional number of phases [1-4].
These advantages make multi-phase drives suitable for
high power/current applications such as EV/HEVs,
traction or electric ship propulsion. Apart from these
benefits, there are further possibilities due to the
additional degrees of freedom existing in multi-phase
machines. However, there is a common feature to all
applications: a proper modulation technique needs to be
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designed to achieve high performance. Among different
methods, space vector pulse width modulation
(SVPWM) is one of the most popular choices due to the
easy digital implementation and because of a better
utilization of the available dc bus voltage [5]. However,
the extension of SVPWM algorithms from the three to
multi-phase systems is far from trivial. This is due to
both increasing number of space vectors (2" being n the
number of phases) and subspaces where the vectors are
simultaneously mapped ((n-1)/2 assuming n is an odd
number). If a d-g subspace appears in a three-phase
machine, additional x-y subspaces appear in the general
n-phase case. The vector space decomposition (VSD)
from the phase variables into the different planes or
subspaces is explained by Zhao and Lipo [6], and it
helps to understand the high currents appearing in
multi-phase machines due to the x-y currents.
Additionally, it is the basis for new applications such as
torque enhancement in concentrated-winding machines,
series connection of multi-phase machines or fault-
tolerant mode of operation. This paper makes a
summary of these applications and classifies the
existing SVPWM algorithms, indicating their validity
for each application and the limitations of each
approach.

The paper is structured so that sections 2 briefly
summarizes the novel applications based on the
additional degrees of freedom existing in multi-phase
machines, while Section 3 includes details about the
VSD approach, the modelling of the n-phase converter
and the quality parameters usually considered for
comparative purposes. Section 4 classifies the existing
methods showing the differences and limitations of
each one, and section 5 extracts the most relevant
conclusions and aims to encourage researchers to
improve the existing limitations for some particular
applications.
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2. Novel multi-phase drives applications.

The additional degrees of freedom existing in multi-
phase machines allow designing new applications
which can not be implemented in standard three-phase
machines [1-2]. The three main applications are briefly
summarized:

Torque enhancement by current harmonic
injection: If the machine has distributed
windings, the injection of current harmonics
can lead to torque ripple or not produce any
effect. However, if the machine has
concentrated windings, the spatial harmonics
interact with the current harmonics producing
an airgap field. This additional field rotates at
fundamental speed if the order of the current
and spatial harmonics is the same. This fact
leads to increase the torque density by injecting
harmonics using the x-y components [14]-[16].
The fundamental component is generated using
the d-q subspace, while the harmonics are
injected using the x-y components. A third
harmonic can be injected in a five-phase
machine, a third and a fifth harmonics in a
seven-phase machine, and so on.
Disturbance-free mode of operation: If one or
more phases need to be open-circuited in a
three-phase machine, the rotating field can no
longer be generated in the post-fault situation
leading to torque ripple. Nevertheless, multi-
phase machines can operate after the loss of
one or more phases if the current in the other
phases is changed to compensate for the faulted
phase [7-10]. However, when one phase is
open-circuited, one degree of freedom is lost,
and the x-y components can no longer be set to
zero. A restriction is included for each faulted
phase and the generation of the rotating field
needs to include, as in the previous case, x-y
components.

Independent control of machines supplied from
a single inverter: multi-phase machines can be
connected in series [11]-[13] or in parallel [12]
while supplied from a single inverter. This
application allows an independent control of
the machines because each machine is
controlled (with appropriate transposition of
phases) using two degrees of freedom from a
subspace (e.g. d-g for one machine and x-y
components for another machine). The
independency can be achieved because the
different planes are mutually orthogonal.
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The three applications have the common feature of
requiring non-zero x-y components. Although the usual
case of sinusoidal output voltage has found successful
SVPWM algorithms, it will be shown in the next
sections that the complexity to find a proper SVPWM
scheme for these applications is higher and a
completely satisfactory solution has not still been
obtained.

3. Modelling of the n-phase inverter.

Power circuit topology of an n-phase VSI is shown in
Fig. 1. The inverter input dc voltage is treated as
constant and its value is set to 1 p.u. later on for
simulation purposes. The load is taken as star-
connected with isolated neutral point so that the zero-
sequence cannot be excited and one therefore deals
further on, for odd n, with an (n—1) dimensional space.
The inverter leg voltages are referenced to the mid-
point of the dc supply and notation for inverter leg and
phase voltages is defined in Fig. 1. A switching
function §; € {1,-1} is defined for each inverter leg, i =
1,2 .... n. The leg voltages are then determined with

V; =0.5VpeS;, S; =41, (1)
The inverter output phase-to-neutral voltages can be
written as functions of inverter leg voltages,

n-1 1¢
v, =—=V, - =) V.
1 n 1 n; i

n N Lie2 2
n—1 183
Vo ==V, _HZ‘VH

Since the (n—1) dimensional space can be decomposed
into (n—1)/2 two-dimensional sub-spaces according to
the VSD approach, phase voltage space vectors can be
defined for each sub-space as

Vbc /ZT —_
Voc /ZT _

Fig. 1. An n-phase two-level voltage source inverter.
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where a=exp(j2z/n).

The first subspace is termed d-g, and the currents
flowing in this plane are responsible for the creation of
the rotating field in the airgap of the machines. On the
other hand, x-y components are responsible for the
additional losses in distributed-winding machines, since
the currents flowing in this subspace cancel each other
and do not link the rotor side. Consequently, unless
space harmonics appear, x-y components are not
electromechanically related. The 2" VSI space vectors
including all commutation  possibilities  are
simultaneously mapped into all subspaces. In the five-
phase case, there are 2 zero vectors and 30 active
vectors that appear in both d-q and x-y planes, as shown
in Fig. 2. A multi-dimensional vector can be defined,
and the k-th vector can be expressed as:

Vk(n—l)J (5)
where indices 1,2 indicate d-g components while
indices 3,4,...(n-2), (n—1) stand for x-y components. In
order to generate the reference vector with the proper
application of the VSI active space vectors, k = n—1
active vectors need to be selected and the following
(n—1)x(n—1) matrix can be written:

\_/k:lvkl Vi Vi Vka Vk(n-2)

Vi1 Va1 Vin-11
V. v Vi
M| 2 2 (n:l)2
Vi Va(n-g) V(n-1)(n-1) (6)

The reference voltage vector can then be created on
average during one switching period by applying the
(n—1) selected active space vectors for certain time
intervals

Vg
v iy Vaq Vin-ay1 t
.q Vio Voo V(n-1)2 t,
o (Ts=] . . .
(n-3)/2
Vx v v v t
y(-3)/2 Un-1)  Y2(n-1) (n-1)(n-1) || *(n-1)
y J

(7

https://doi.org/10.24084/repqj05.341

The required times of application for the selected (n—1)
active vectors follow then in the form

MLy
t=M v T (8)

where T is the switching period and the time of
application of zero vectors is

n-1
ty=Ts — Ztk
= ©

It is assumed that the selected active space vectors are
pre-ordered so that the switching stress is minimised
and that symmetrical SVPWM is applied.

graxis

Fig. 2. Phase voltage space vectors of a five-phase VSI
in d-q and x-y planes.
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Following this approach, the SVPWM for multi-phase
drives can be achieved, but it has been assumed that the
active space vectors have been already selected. If these
vectors are not the adjacent in d-q subspace, the
selected vectors need to satisfy some conditions to
assure that the reference can be synthesized. The
validity conditions are [20], [26], [27]:

1) The selected (n—1) vectors must be linearly
independent. This condition is satisfied if the
determinant of the square matrix M of (6) differs
from zero.

The reference vector v must be positioned within
boundaries of the (n—1) dimensional space formed
by the selected vectors. This ensures that the
reference voltage can be built using the selected set
of active vectors. The easiest way to check whether
this condition is satisfied is by verifying that all the
calculated application times for selected space
vectors in (8) are positive. Additionally, the zero
vector application time in (9) must satisfy t, >0.

2)

These two conditions will be referred to as validity
conditions from now on. If these conditions are
satisfied, the reference vector can be built by applying
the selected set of (n—1) active vectors of (5). However,
the reference voltage can be achieved in the mean
during the switching period with different selections of
the VSI space vectors, which will yield different
inverter performance.

4. Multi-phase SVPWM strategies.

The procedure outlined in the previous section is a
generalization of [6] and is based on a general analysis
of the n-phase case as in [18]-[19]. The validity
conditions were firstly established in [20] and the
selection of the (n-1) active vectors has been done from
several perspectives that are summarized in this section.
Some of the methods are valid for sinusoidal output
voltage generation while others are generally applicable
to any case. The methods for space vector selection can
be divided into those that select the vector based on the
proximity of active vectors in a subspace, and those that
are based on the proximity of active vectors in a multi-
dimensional space. The former will be referred as VSD
methods and the latter as multi-dimensional methods.
Among the first group, the following approaches have
been followed:

a) Selection of (n-1)/2 vectors considering the d-q
plane only.

This method was proposed in [21]-[22] for the

generation of sinusoidal output voltage of a five-phase

drive. It is the natural extension of three-phase

https://doi.org/10.24084/repqj05.341

583

SVPWM since it considers different sectors in the d-g
plane and selects the adjacent vectors in each sector.
These vectors are the large ones achieving maximum
modulation index for sinusoidal output voltage.
However, the selections of (n-1)/2 vectors provides (n-
1)/2 equations that cannot satisfy the x-y components.
Consequently, x-y components appear that lead to high
stator currents that are limited only by stator leakage
inductance and resistance. These currents generate
losses and do not contribute to the torque generation
[6], leading to inadequate drive performance.

b) Selection of (n-1) vectors considering the d-q plane
only.

Because of the high x-y currents appearing in multi-
phase machines, it was stated that it is necessary (n-1)
space vectors to satisfy not only d-q reference
components, but also x-y reference components [20].
This approach has been followed in several studies for
different number of phases. It has been most frequently
considered in five-phase drives were the medium and
large VSI space vectors are selected in each sector [23],
[28]-[29] and they are applied with percentages of 61.8
% and 38.2 % respectively to cancel x-y components.
The maximum peak fundamental of the output phase
voltage (assuming dc voltage of 1 p.u.) using this
approach is 0.5257 p.u. for a five-phase VSI if the
medium and large adjacent vectors in each sector of the
d-q plane are selected (e.g. a d-q reference space vector
in the first sector for a five-phase VSI would be created
from vectors 1, 2, 11 and 12 of Fig. 2). The transition
from this scheme to the previous one with (n-1)/2
vectors has been explored in [23] achieving an
extended modulation index at the expenses of
increasing harmonic content. Basically, the percentage
of application of large vectors is increased from 38.2 %
to 100 % when the maximum modulation index is
achieved. This approach has been followed for the
generation of fundamental and third harmonic in torque
enhancement applications [28]-[29], but the harmonic
content is limited if the validity conditions are to be
satisfied. The application of (n-1) vectors has also been
considered for seven-phase drives [17] and for the
general n-phase case [18]-[19]. However, from the
vector selection point of view the followed approach is
similar.

c) Selection of active vectors considering the d-q and
x-y planes. The case of arbitrary references in the
two planes is considered here. Since only (n-1)
vectors are necessary to build the reference (n-1)/2
vectors, it is theoretically possible to chose these
vectors by considering one reference vector in each
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sub-space (d-g and x-y) and then to select two
vectors (for five-phase VSI) from each sub-space
adjacent to the corresponding reference. This
possibility was suggested in [26], but it has been
verified that the simple solution of selecting large
vectors in both d-g and x-y planes (e.g. for a five-
phase VSI with a reference d-g space vector in the
first sector and a x-y reference vector in the third
sector, the selected vectors would be 1, 2, and 22,
25, respectively) does not satisfy the second validity
condition. While in principle this approach to active
vector selection may be feasible, it requires further
work.

Selection of (n-1)x(n-1)/2 vectors. In this case (n-1)
vectors are selected in each plane (the total number
of planes is (n-1)/2) to synthesize the reference
component in its own plane. In the five-phase case,
four active vectors are selected to build the d-g
reference while simultaneously eliminating x-y
components and another four vectors are selected to
build the x-y reference while simultaneously
eliminating the d-g components. For a five-phase
VSI with a d-g space vector in the first sector and a
x-y vector in the third sector, the selected vectors
would be 1, 2, 11, 12, and 17, 20, 22, 25,
respectively. This approach, based on decoupling of
the different sub-spaces, is followed in [24] and it
synthesizes both d-g and x-y references. However,
the implementation method described in [24] uses
two successive switching periods to alternately
synthesize the two reference vectors, so that the
maximum achievable fundamental is automatically
restricted to half of the value that would have been
achievable with given dc link voltage in the case of,
say, reference in only d-g plane.

Among the second group two approaches can be
followed:

e)

Selection of (n-1) vectors by defining spatial sectors
in the (n-1) dimensional space.

This solution was discarded in [25] due to the huge
amount of sectors and the authors’ investigation
confirms that application of this approach even for
the simplest case of a five-phase VSI is unlikely.

On-line selection of (n-1) vectors using a multi-
dimensional approach not based on the sector
belonging criterion.

This is the approach has been detailed in [20], [26]-
[27] for the three main applications were non-zero x-
y components appear. The approach follows the idea
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suggested in [25] and proposes an improved
criterion that converges with the solutions exposed
n [17]-[19], [23], [28]-[29] for sinusoidal output
voltage. However, the method proves to be general
for any reference (including non-zero x-y
components) and number of phase. From this
perspective, the idea of sectors is lost. As an
example, when the angle of the d-g reference space
vector is 3.6° and the angle of the x-y reference
space vector is 93.6°, the selected vectors are 20, 22,
2 and 13. It can be observed that there is a
combination of vectors with different lengths (one
large, one small and two medium vectors) and the
selected vectors are not necessarily adjacent in any
of the planes. This result is not intuitive considering
the problem from the VSD point of view, but it is a
straightforward result from the multi-dimensional
approach. Three main disadvantages can be
associated with this approach: the algorithm is
computationally intense, the execution time is not
constant and the switching frequency is slightly
increased compared to sinusoidal case. On the other
hand it improves the performance of [24] because it
shows a lower switching frequency and flexibility to
operate with different references for the d-g and x-y
planes. As an example, Fig. 3 shows the waveform
and spectrum of phase 2 voltage for the disturbance-
free operation when phase 1 is open-circuited. It can
be observed that the fundamental is achieved while
the unwanted harmonics practically do not exist.

Selected signal: 2 cycles

Phase 2 voltage (p.u.)

A . . . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (s)

Fundamental (50Hz) = 0.5401 , THD= 0.56%
0.6 . . . .

0.4} :

0.3r ]

Mag

0.2¢ B

01} 1

400 600 800
Frequency (Hz)

0 200 1000

Fig. 3. Output phase 2 voltage waveform and associated

spectrum when phase 1 is open and the reference d-g
voltage is set to 0.368 p.u.
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The main points to be considered in the comparative
analysis are:

» All the different options are valid for
sinusoidal output voltage generation while
only options d) and f) are valid for the
general case when non-zero x-y components
appear.

Options a) to d) inherently satisfy the validity
conditions and show minimum switching
frequency, while option f) needs to verify the
validity conditions in real time and the
switching frequency is slightly increased for
non-sinusoidal output voltage generation.
The maximum modulation index is achieved
with option a) and b) for the sinusoidal
output voltage case, while option f) obtains
the better dc bus utilization with absence of
unwanted harmonics.

However, there are some remaining points to be
improved if one wishes to combine the advantages from
the different methods:

» A general algorithm with minimum switching
frequency must be achieved.

It needs to be devised a way to use a general
method with lower computational cost.

An extension of the general case to be able to
increase the modulation index, even at the
expenses of harmonic appearance, should be
designed.

>

>

5. Conclusions.

The main applications of multi-phase drives can be
divided into those with sinusoidal output voltage
requirements and those with non-sinusoidal output
voltage generation. The SVPWM for the first group has
been recently achieved with success using a sector-
based approach that leads to minimum switching
frequency, simple algorithms and maximum
modulation index. However, the second group of
applications requires algorithms with increased
complexity. It has been shown that the methods
proposed for sinusoidal output voltage are no longer
valid in the general case since some validity conditions
need to be satisfied. There are two approaches for this
second group of applications: VSD-based and multi-
dimensional approaches. The current VSD-based
methods present some limitations regarding switching
frequency and unequal share of the dc bus voltage. On
the other hand, multi-dimensional methods shows a

https://doi.org/10.24084/repqj05.341

585

good performance but at the expenses of algorithms
with increased switching frequency and high
computational cost. All in all, the current SVPWM
methods are optimum for sinusoidal applications but
still present some disadvantages for general non-

sinusoidal applications.
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