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Abstract - Open-end winding variable speed drives with dual-inverter supply have been extensively investigated
for various applications, including series hybrid powertrains and propulsion motors. The topology is simple to
realise while offering a higher number of switching states without the need for capacitor balancing algorithms,
when compared to standard multi-level converters. The overwhelming majority of work is however restricted to
the three-phase electric machinery. One of the reasons for this is that inclusion of a multi-phase machine leads to
exponential increase in the number of possible switching states and so the design of a suitable space vector
modulator (SVM) represents a considerable challenge. This paper considers a relatively simple SVM algorithm
based on the already well understood five-phase two-level drive SVM method. The proposed modulation
technique has the advantage of being straightforward to implement and, like its two-level counterpart, is able to
generate output voltages with minimum low-order harmonic content. The method generates up to seventeen-
level output phase voltage and therefore offers superior harmonic performance when compared to the two-level
five-phase topology. The developed scheme is verified via simulation including the dynamic performance of the

five-phase machine operating under V/f control.
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1. INTRODUCTION

The past few years have witnessed an increasing
research effort in both the multi-phase drive and
multi-level converter areas [1]-[4]. Multi-level
converters are considered as a topology which
enhances the quality of the output voltage waveform
and enables the construction of a high power
converter without the problem of switching series
connected semiconductor devices. Additional
advantages of the multi-level converter include
reduced dv/dt and increased fault tolerance.

There are numerous topologies of multi-level
converter. The main ones are the neutral point
clamped (NPC), the flying capacitor (FC) and the
cascaded converters [5]-[6]. Among the cascaded
converters, the dual two-level inverter configuration
has received growing attention due to its simple
structure [7]. Typically, three-phase VSIs are
utilised. Application of such a dual-inverter supply
enables drive operation with voltage waveform
equivalent to the one obtainable with a three-level
VSI in single-sided supply mode. Three-phase open-
end winding dual-inverter fed drive systems are
currently considered as possible alternative supply
solutions in EVs/HEVs [8]-[9], for electric ship
propulsion [10], rolling mills [11], etc.

In applications such as EVs, where dc bus voltage is
rather limited, the main reported advantage with
respect to the equivalent multi-level single-sided
supply is that a machine with a lower current rating
can be utilised since the voltage across phases can be

higher when two independent batteries are used
instead of a single one [8,9]. Furthermore, the
additional diodes used in the diode-clamped (NPC)
VSI are not needed, leading to a saving in the overall
number of components. The problem of capacitor
voltage balancing does not exist if the supply is two-
level at each winding side.

Multi-phase variable-speed drive systems are
currently regarded as another type of potentially
viable solutions for the same applications, including
EVs/HEVs [2], [12]. A two-level multi-phase VSI is
the standard solution, with the star-connected
machine winding and an isolated neutral point. Since
the advantages of multi-level inverters and multi-
phase drives complement each other, it appears to be
logical to try to combine them by realising a multi-
level multi-phase drive. Currently there are very few
examples [13]-[15] of such topologies.

The only known examples where multi-phase drive
systems in open-end winding configuration have
been developed are [13] and [14] where an
asymmetrical six-phase induction motor drive is
considered. In [13] the supply is provided by means
of two isolated two-level six-phase VSIs. The goal
was in essence low-order harmonic
elimination/reduction rather than the multi-level
operation. As a consequence, the converter is not
operated in multi-level mode. The scheme
considered in [14] employs four three-phase two-
level inverters, with four isolated dc sources, to
prevent circulation of zero sequence currents. The
SVM control is performed in essence independently
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for the two three-phase windings, using the nearest
three vectors approach (NTV) in conjunction with
three-level NPC inverter [7]. The work is focused
towards controlling the power sharing between the
four converters. A five-phase drive with a single
three-level NPC converter is considered in [15]. The
SVM method is complicated, particularly the sector
identification, since each 36 degree sector is
partitioned into ten subsectors.

This paper develops a simple SVM algorithm based
on the previously developed SVM method for two-
level five-phase converters. General properties of the
five-phase ac motor drives with sinusoidal winding
distribution are at first reviewed, along with the
previously developed two-level SVM algorithm for
a five-phase two-level VSI [16], which uses two
large and two medium active space vectors per
switching period in order to minimise low-order
harmonics. Next, mathematical model of the
cascaded topology is given, along with mapping of
the space vectors that are of interest into the torque-
producing 2D sub-space. The performance of the
open-end winding five-phase drive is investigated
and verified via simulation.

2. TWO-LEVEL FIVE-PHASE SVM

Prior to considering the SVM schemes for the open-
end winding topology, it is beneficial to review the
basic relationships which govern the performance of
five-phase drives and the corresponding two-level
SVM technique for a five-phase VSI. A five-phase
machine can be modelled in two 2D planes, so-
called a-f and x-y sub-spaces [16]. It can be shown
that only current harmonic components which map
into the o-f sub-space develop useful torque and
torque ripple, whereas those that map into the x-y
sub-space do not contribute to the torque at all. A
multi-phase machine with near-sinusoidal magneto-
motive force distribution presents extremely low
impedance to all non-flux/torque producing supply
harmonics and it is therefore mandatory that the
supply does not generate such harmonics. What this
means is that the design of a five-phase PWM
strategy must consider simultaneously both 2D sub-
spaces, where the reference voltage, assuming pure
sinusoidal references, is in the first plane, while
reference in the other plane is zero. Two-level five-
phase inverters can generate up to 2°=32 voltage
space vectors with corresponding components in the
a-f and x-y sub-spaces shown in Fig. 1. Space
vectors are labeled with decimal numbers, which,
when converted into binary, reveal the values of the
switching functions of each of the inverter legs.
Active (non-zero) space vectors belong to three
groups in accordance with their magnitudes - small,
medium and large space vector groups. The
magnitudes are identified with indices s, m, and /

and are given as [v]=4/5cos(27/5)V,.,
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V| =2/5V e , and

. V| = 4/5cos(z/5)V,. »
respectively. Four active space vectors are required
to generate sinusoidal voltages [1], [2]. Suppose that
the reference space vector in the a-f plane is in
sector s =1 (Fig. 2a). Two neighbouring large and
two medium space vectors are selected. In order to
provide zero average voltage in the x-y plane (Fig.
2b) times of application of active space vectors

become [16]:
2sin(27/5) . _x

=Msm(s7z'/5—;9)\v |,

dc
. (1
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_ 280 S) G (s 25— 91,
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Vdc
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where 1, is the switching period,  is the reference

position and indices a and b are defined in Fig. 2a.

Total time of application of zero space vectors

t, =ts—(ty+tym+tp+tp,) 1s  equally shared

N

between zero space vectors v, and v3;. The

maximum peak value of the output fundamental
phase-to-neutral voltage in the linear modulation
region 1S V.. =V, /[2cos(x/10)] =0.525V..
Switching pattern is a symmetrical PWM with two
commutations per each inverter leg.
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Fig. 1. Two-level five-phase VSI space vectors in
the a@—f and x-y planes.



Fig. 2. Principle of calculation of times of
application of the active space vectors in the a—f (a)
and x-y (b) planes.

3. FIVE-PHASE OPEN-END DRIVE
CONFIGURATION

Fig. 3 illustrates the open-end winding structure,
based on utilisation of two two-level five-phase
VSlIs. The two inverters are identified with indices 1
and 2. Inverter legs are denoted with capital letters,
A,B,C,D,E and the negative rails of the two dc links
are identified as N1 and N2. Machine phases are
labelled as a,b,c,d,e. Phase voltage positive direction
is with reference to the left inverter (inverter 1).
Using the notation of Fig. 3, phase voltages of the
stator winding can be given as [17]:

Va =Vaint T VNIN2 ~Va2N2
Ve =Vgin1 T VNin2 ~Vean2
Ve =Veaint Y Vaiva ~Veanz (3)
Va =Vpin1 T VNiN2 ~Vpan2

Ve =VEINt TVNIN2 ~VE2N2

Two isolated dc supplies are assumed so that the
common mode voltage (CMV) vy, y, is of non-zero

value (the issue of CMV elimination is not
addressed here). The resulting space vectors in dual-
inverter supply mode will depend on the ratio of the
two dc bus voltages. The situation considered further
on is the setting V,, =V,., =V, /2, which gives
the equivalent of single-sided three-level supply.
Here V, stands for the equivalent dc voltage in
single-sided supply mode. Since in five-phase case
single-sided supply gives nine levels in the phase
voltages, it is expected that in five-phase case with
dual-inverter supply there will be up to 17 levels in
the phase voltage. The increased number of phase
voltage levels is a consequence of the much greater
number of switching states and voltage space vectors
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Fig. 3. Five-phase machine with dual two-level
inverter supply.
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generated by the converter, when compared to the
single-sided supply mode. Space vectors of phase
voltages in the two planes are determined with

Vap = (2/5)(va +av, +a’v, +a’v, +g4ve) @

Ve =I5y, +aPv, +atv, +avy +a'y,
where a =exp(j27/5) . Using (3) and (4), one gets

Va-B = Va-B(ABICIDIE]) —Va-B(42B2C2D2E2) )

Vx—y = Vx—y(AIBICIDIEl) —Vx-y(A2B2C2D2E2)

When developing a suitable SVM strategy for the
dual-inverter supply and considering (5), it seems
logical to adapt the two-level SVM method for five-
phase VSI of [14] accordingly. Considering that the
two-level SVM method uses only large and medium
active vectors during each switching period and
these can now be applied from each side, there are
nine possible vector combinations. The nine vector
combinations result in a total of 131 phase voltage
space vector positions. Since there are 22x22 = 484
possible switching states then there are 353
redundant switching states. The space vector lengths
and positions, in the o-f sub-space, generated by
these vector combinations, are presented in Fig. 4
(zero-zero combination is omitted). The high level
of redundancy, which exists, offers great scope for
optimising the performance of the converter. The
development of such algorithms is beyond the scope
of this paper and is postponed for further work.
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Fig. 4. Space vectors in a-f plane, created by /-/ (0),
m-m (®), m-1, I-m (0), I-z, z-1 (0), m-z, z-m (A)
combinations.

The proposed SVM scheme, shown in Fig. 5, uses
two identical two-level modulators. However, the
voltage reference applied to the modulators is
apportioned according to the modulation

index M =v" / (0.5V,.). The modulation indices
of the individual inverters are
M, =v; [(0.5V,)), My =v)/(0.5V,,,). Inverter 1

only is operated up to the point when M = 0.525 (M,
= 1.05). Hence the converter operates in two-level



mode, since inverter 2 output is not modulated and
the VSI switches between zero states 11111 and
00000. When M > 0.525, inverter 1 is held at M, =
1.05 and inverter 2 output is also modulated. These
constraints can be expressed as:

M, =2M
0<M <0.525
M, =0
(6)
M, =1.05

0.525< M <1.05
M, =2(M -0.525)
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Fig. 5. Unequal reference sharing scheme.
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4. SIMULATION VERIFICATION

In order to verify the drive’s performance a series of
detailed simulations were undertaken. The phase
variable model of the five-phase machine [18] is
used and the drive is operated in open-loop V/f
mode. The voltage reference profile is such that the
supply frequency of the machine is ramped from
zero to 50 Hz in 0.5s. At the operating frequency of
50Hz the maximum modulation index is reached (M
= 1.05), voltage boost is not applied. The switching
frequency of each inverter is set to 2 kHz and the dc
link is 300 V, giving an effective dc link voltage of
600V when M>0.525.

The acceleration transient is presented in Figs. 6 and
7 for 25Hz (M = 0.525) and 40Hz (M = 0.84),
respectively. It can be seen in Fig. 6 that no voltage
reference is applied to inverter 2 when M = 0.525
and so the drive operates in two-level mode. For this
reason the steady-state phase voltage contains only
nine levels however, the spectrum is much improved
when compared with its single sided two-level
equivalent due to the 50% reduction in the effective
dc link voltage. Fig. 7 shows that, as soon as M >
0.525 (at t = 0.25 s) inverter 2 is modulated, with
inverter 1 operating at the maximum modulation
index (M; 1.05). At t = 0.4 s the reference
frequency is reached and M, = 0.63. The drive is
operating in multi-level mode and the steady-state
phase voltage now comprises 17 levels. The phase
voltage spectra indicate no unwanted low-order
harmonics and the target fundamental voltages have
been met in both cases.
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Fig. 6: Motor acceleration under V/f control (ref.
25Hz, M = 0.525): speed, torque, inverter voltage
references, stator current and steady-state phase
voltage waveform with spectrum.
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The switching trajectories of the converter and the
switching state of each inverter, for the case when M
= 0.84, are shown in Fig. 8 for 0° and 9° of the
reference position in sector 1 of the a—f plane. The
vectors are numbered in the same manner as in Fig.
1, the upper being inverter 2 and the lower inverter
1. When the reference is along the sector border
(every 36°) only five active vectors are used,
whereas nine active vectors are used otherwise.
Further simulations show that different active
vectors are used as the reference moves through the
sector, hence an equivalent single SVM would
require a large number of look-up tables.
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Fig. 8: Inverter switching trajectories in the a—f
and x-y planes for M = 0.84 and reference angular
positions of 0° and 9° in the ¢—f plane.



The performance of the five-phase open-end
winding drive, using the developed SVM method,
has been verified by simulation.
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