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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 multilevel 
converters. The existing body of work is however restricted to 
the three-phase electric machinery. This paper looks at the 
possibility of using a five-phase machine in an open-end winding 
configuration with dual five-phase inverter supply for these 
applications. Two possible space-vector PWM (SVM) algorithms 
are developed in the paper. The SVM schemes are relatively 
simple and use two two-level five-phase space-vector 
modulators, which have been previously shown to generate 
output voltages with minimum low-order harmonic content. The 
first SVM method has identical performance to the standard 
two-level inverter since it develops nine-level output phase 
voltage. The second method generates up to seventeen-level 
output phase voltage and therefore offers superior harmonic 
performance. The developed schemes are verified via simulation 
and the harmonic performance is analysed.     

I. INTRODUCTION 

The concept of cascading two voltage source inverters 
(VSIs), one at each side of an open-end stator winding, was 
originally proposed in [1,2]. Typically, two two-level 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 [3-6], for 
electric ship propulsion [7], rolling mills [8], etc. 

In applications such as EVs, where dc bus voltage is rather 
low and limited, the main reported advantage with respect to 
the equivalent multilevel 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 [3,6]. Assuming that 
both inverters are two-level, the number of the switches is the 
same as in the equivalent three-level single-sided supply. 
However, 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. 

The two VSIs, applied at the two sides of the three-phase 
open-end winding, can be of the same or of a different 
number of levels, with application of the two two-level VSIs 
being the most commonly analysed case. Analyses of the 

system with two three-level inverters are reported in [1,7,9], 
while use of a combination of a two-level and a three-level 
VSI has been considered in [8]. Topologies based on the 
inverters with higher number of levels have also been 
investigated, e.g. [10]. 

Multi-phase (more than three stator phases) variable-speed 
drive and generation systems are currently regarded as 
another type of potentially viable solutions for the same 
applications, including EVs/HEVs [11]. A two-level multi-
phase VSI is the standard solution, with the star-connected 
machine winding and an isolated neutral point. Since 
multilevel and multi-phase topologies share a number of 
common features, it appears to be logical to try to combine 
them by realising multilevel multi-phase drive architectures. 
Yet, such attempts are rather rare, with very few examples 
[12,13], all related to the single-sided supply mode. 

The only known example where a multi-phase drive system 
in an open-end winding configuration has been considered is 
[14]. An asymmetrical six-phase induction motor drive, with 
supply provided from both ends by means of two two-level 
six-phase VSIs (each composed of two three-phase VSI units) 
has been analysed. Two isolated dc voltage supplies are used 
as the inverter inputs at two winding ends. The goal in [14] 
was in essence low-order harmonic elimination/reduction 
rather than the multilevel operation. As a consequence, 
multilevel operation is neither attempted nor achieved and the 
drive is operated in all regimes with the voltage waveform 
equivalent to two-level VSI supply in single-sided mode. 

On the basis of the provided survey, it follows that PWM 
algorithm for multilevel five-phase supply in open-end 
winding configuration has never been either addressed or 
realised. This paper therefore represents the first attempt in 
this direction. 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 [15-17], 
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. 
Two simple SVM schemes are further developed, based on 
the two-level SVM algorithm for a five-phase VSI in single-
sided supply mode. The performance of the SVM methods is 
investigated and verified via simulation for a range of 
modulation index values in the linear operating region and the 
resulting harmonic performances are discussed. 
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II. PRELIMINARY CONSIDERATIONS 

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 sub-spaces, so-called α-β and x-y sub-spaces [11]. It can 
be shown that only current harmonic components which map 
into the α-β 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 25=32 voltage space 
vectors with corresponding components in the α-β and x-y 
sub-spaces, as 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 l and are given as dcs Vv )52(cos54 π= , 

dcm Vv 52= , and dcl Vv )5(cos54 π= , respectively. Four 
active space vectors are required to generate sinusoidal 
voltages [15-16]. Suppose that the reference space vector in 
the α-β plane is in sector 1=s  (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 [15-16]: 
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where ts is the switching period, ϑ  is the reference position 
and indices a and b are defined in Fig. 2a. Total time of 
application of zero space vectors )( bmblamalso tttttt +++−=  
is equally shared between zero space vectors 0v  and 31v .  
The maximum peak value of the output fundamental phase-
to-neutral voltage in the linear modulation region is 

== )]10/cos(2/[max πdcVv 0.525Vdc [17]. Switching pattern 
is a symmetrical PWM with two commutations per each 
inverter leg. To demonstrate the validity of the technique and 
provide a  benchmark  for  comparison  purposes,        simulations 
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Fig. 1. Two-level five-phase VSI space vectors in the α−β and x-y planes.  
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in the x-y plane equals zero). 

are performed for two settings of the modulation index 
)5.0/(|| *

dcVvM = . Dc link voltage is set to 600 V, reference 
frequency is 50 Hz and the switching frequency of the VSI is 
1 kHz. The results are illustrated in Fig. 3.  

It can be seen from Fig. 3 that the output phase voltage 
waveform comprises nine levels and practically does not 
contain any low-order harmonics when the VSI is operating 
in the linear region with either a low value of the modulation 
index (0.1) or at the upper limit (1.05). 
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Fig. 3. Two-level five-phase VSI SVM: phase voltage waveforms and spectra 

for M = 0.1 and M = 1.05.  

III. FIVE-PHASE OPEN-END WINDING TOPOLOGY 

Fig. 4 illustrates the open-end winding structure, based on 
utilisation of two two-level five-phase VSIs. 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. 4, phase voltages of the stator 
winding can be given as: 
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Two isolated dc supplies are assumed so that the common 
mode voltage (CMV) 21NNv  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 2/ 21 dcdcdc VVV == , which gives the 
equivalent of single-sided three-level supply. Here Vdc stands 
for the equivalent dc voltage in single-sided supply mode. 
Since in  five-phase case    single-sided supply gives nine levels  
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Fig. 4. Five-phase machine with dual two-level inverter supply. 

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, generated by the converter, 
when compared to the single-sided supply mode.  

Space vectors of phase voltages in the two planes are 
determined with 
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)22222()11111(

)22222()11111(

EDCBAyxEDCBAyxyx

EDCBAEDCBA

vvv

vvv

−−−

−−−

−=

−= βαβαβα
         (5) 

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 [16] 
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, as 
illustrated in Fig. 5. The nine vector combinations result in a 
total of 131 phase voltage space vector positions. Since there 
are 22×22 = 484 possible switching states then there are 353 
redundant switching states. The space vector lengths and 
positions, in the α-β sub-space, generated by the vector 
combinations, are presented in Fig. 6 (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. 

IV. EQUAL REFERENCE SHARING SCHEME 

As shown in Fig. 7, the equal reference sharing scheme 
(ERS) uses two independent five-phase two-level space-
vector modulators which utilise the SVM algorithm discussed 
in section II. The two-level modulators are operated in phase 
opposition  as  required  by  (5),  that  is  to say  both  inverters  

 

 
Fig. 5. Five-phase dual inverter switching combinations. 
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Fig. 6.  Space vectors in α-β plane, created by l-l (□), m-m (●), m-l, l-m (○), l-

z, z-l (◊), m-z, z-m (∆) combinations.  
 

operate in a complementary manner. In order to achieve this, 
the phase voltage reference is pre-multiplied by 0.5 and 
applied equally to each two-level modulator. This ensures 
that each inverter is supplying equal power to the machine. 
Furthermore, the voltage reference of inverter 2 modulator is 
shifted by 180 degrees in order to generate complementary 
switching of the two inverters: for instance, when the upper 
switch in leg A1 (inverter 1) is on, the lower switch of leg A2 
(inverter 2) is on, and vice versa. The only other alteration 
required is the calculation of vector dwell-times (1)-(2), since 
dwell times are now governed by the dc link voltages of the 
individual inverters (Vdc1 , Vdc2) and not the effective dc link 
(Vdc), which is the equivalent dc voltage of the single-sided 
supply mode. 

Clearly, the ERS scheme has identical performance to that 
of the two-level topology in single-sided supply mode, since 
only 22 space vectors are utilised, leading to phase voltages 
with nine-level waveform. This has been verified via 
simulation and identical results to Fig. 3 were produced. Fig. 
8 shows switching states of each inverter for M = 1.05 and 
confirms that they are operating in anti-phase. The short zero 
vector application time indicates that both inverters are 
operating in the linear region limit. Despite this scheme 
offering no advantage in terms of harmonic performance and 
number of levels, the topology has clear benefits regarding 
fault tolerant and EV applications.  
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V. UNEQUAL REFERENCE SHARING SCHEME 

The unequal reference scheme (URS), shown in Fig. 9, 
again uses two identical two-level modulators. However, the 
voltage reference applied to the modulators is apportioned 
according to the modulation index M. For clarity it is 
beneficial to define individual modulation indices as 

)5.0(  ),5.0( 2
*
221

*
11 dcdc VvMVvM == . Inverter 1 only is 

operated up to the point when M = 0.525 (M1 = 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. It is shown further on that the 
performance is significantly improved compared to the two-
level and equal reference sharing schemes. When M > 0.525, 
inverter 1 is held at M1 = 1.05 and inverter 2 output is 
modulated as well. These constraints can be expressed as: 
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Unequally apportioning the voltage reference between the 
two modulators leads to a greater number of switching 
possibilities than in the ERS scheme. The URS method will 
therefore result in multilevel operation and improved 
harmonic performance. 

In order to verify and analyse the behaviour of the 
developed modulation methods, a number of simulations are 
performed for values of modulation index spanning M = 0.05 
to M = 1.05 (0.025 increments).  For the    comparison purposes  
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both dual-inverter SVM methods are simulated. The dc link 
voltage of each inverter is set to 300 V (600 V single-sided 
supply mode equivalent), reference frequency is 50 Hz and 
the switching frequency of each VSI is 1 kHz. Selected 
simulation results are shown in Fig. 10 for M = 0.1, 0.6 and 
0.9. The waveforms clearly show a change in the number of 
phase voltage levels (9, 15 and 17 for M = 0.1, 0.6 and 0.9, 
respectively). The spectra indicate that the low-order 
harmonic content is the lowest possible and the target 
fundamental voltages have been met. The 50% reduction in 
the effective dc link voltage is evident for M = 0.1, since only 
one VSI is utilised. The switching states of the inveters show 
that the modulation of inverter 1 is locked at M1 = 1.05 when 
M > 0.525, while the other inverter output is modulated 
independently, according to the modulation index M2. 

The total harmonic distortion (THD) of the phase voltage is 
used as a performance indicator. It is calculated for each 
increment of modulation index according to: 
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where vn is the rms value of the n-th harmonics component, v1 
is the rms of the fundamental, n is the order of the harmonics 
used for calculation and r = 2000. A comparison of the THDs 
for the two SVM methods is presented in Fig. 11 and 
summarised in Table I. As expected, the number of phase 
voltage levels increases when M > 0.525. When M ≤ 0.525, 
the URS scheme has a significantly improved THD, despite 
the phase voltage comprising only nine levels. In fact the 
THD is indentical to that of the ERS scheme when it is 
operating at twice the modulation index. This improvement in 
THD is entirely a consequence of the effective dc voltage, 
which is switched across the load. The URS method switches 
half of the dc voltage, while the ERS method switches full dc 
voltage. When M > 0.525, the second inverter output is 
modulated and the converter operates in multilevel mode up 
to M = 1.05. As a result of the multilevel output phase 
voltage, the THD is improved, compared to the ERS scheme. 

Fig. 11 shows that the URS scheme has superior 
performance in both sub-spaces. The x-y sub-space is of 
particular significance since the impedance of the machine in 
this sub-space is very low.  Thus  any   improvement in voltage 

 
TABLE I. PERFORMANCE COMPARISON OF ERS AND URS SCHEMES. 

 ERS URS 
M THD levels THD 

0.05 5.2875 9 3.7504 
0.1 3.7504 9 2.5788 
0.2 2.5788 9 1.6992 
0.3 2.0420 9 1.2625 
0.4 1.6992 9 0.9738 
0.5 1.4531 9 0.7483 
0.6 1.2625 15 0.7574 
0.7 1.1069 17 0.7831 
0.8 0.9738 17 0.7737 
0.9 0.8570 17 0.7496 
1 0.7483 17 0.7176 

1.05 0.6974 9 0.6974 
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Fig. 10. URS scheme: phase voltage waveforms and spectra for M = 0.1, 0.6, 

0.9 and the associated inverter switching states.  
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Fig. 11. Phase voltage, α-axis and x-axis THDs against modulation index for 

the ERS and URS SVM schemes. 

 
THD will result in a marked reduction in machine losses.  
Fig. 11 and Table I show that the THD of the URS scheme 
ramains reasonably constant from M = 0.6 to 0.9, while there 
is a steady inprovement in the ERS case. It follows that the 
THD converges as the modulation index increases beyond 
0.525. Finally, around the limit of the linear PWM (M = 
1.05), the converter reverts to two-level operation. 

Fig. 12 indentifies the voltage vectors in the α-β and x-y 
sub-spaces, which are triggered by the URS scheme for M 
values of M = 0.6 and 0.9. It can be seen that there are some 
differences in the space vectors used, which depend on the 
value of the modulation index. This leads to the phase voltage 
levels being a function of the modulation index.  

VI. CONCLUSION 

This paper has presented two SVM schemes for the dual-
inverter five-phase open-end winding topology. The ERS 
scheme utilizes two standard five-phase two-level SVM 
modulators, one for each inverter, and switches the inverters 
in phase opposition. The URS scheme apportions the voltage 
reference to each modulator so that when M ≤ 0.525 only one 
inverter output is modulated. When M > 0.525 both inverter 
outputs are modulated, with inverter 1 held at its maximum 
modulation index (M1 = 1.05). The performance of the deve-
loped SVM methods has been verified by simulation and 
THDs have been evaluated. The results show that the ERS 
scheme performance is identical to a single two-level VSI. 
The URS scheme produces considerable improvement in the 
output phase voltage quality, as indicated by the lower value 
of THD for all values of the reference voltage, except when 
M reaches 1.05 and the converter reverts to two-level mode. 
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Fig. 12. Dual-inverter α-β and x-y voltage vectors for M= 0.6 and 0.9. 
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