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Abstract

Multiphase machines are nowadays considered fdi-pégver variable-speed drives applications due umerous
advantages when compared to their three-phaseerpants. Multiphase voltage source inverters arariably used to
provide multiphase variable voltage and variab&gfrency supply with appropriate pulse width modota(PWM)
control. In the proposed work Carrier-based PWM rfgohase VSI is implemented. This method is moshroon
PWM technique for VSI. This paper is aimed at pdowj a generalised carrier-based PWM for n-phageriars.The
viability of the proposed concept is proved by detion taking for n-phase (3, 5, 6, 7 and 9) VShasxample. From
the observation the output phase voltage from thteese to nine phase inverter is same. Increasinter of phases
percentage increase in THD is observed in theazasased PWM technique.

Keywords: Carrier-based, n-phase, pulse width modulataitage source inverter.

1. Introduction

Variable speed electric drives predominately witisree-phase machines. However, since the vasaleled

ac drives require a power electronic convertettlieir supply, the number of machine phases is &stign
unlimited. This has led to an increase in the ggelin multi-phase ac drive applications, especiall
conjunction with traction, EV/HEVs and electric ghpropulsion, since multi-phase machines offer some
inherent advantages over their three-phase cowarteriSupply for a multi-phase variable speed ds\e

the majority of cases provided by a VSI. A numbePWM techniques are available to control a twaelev
three-phase VSI. The most widely used pulse PWMrtieies for three-phase inverters are the caraseth
sinusoidal PWM (including the offset addition) ath@ space vector PWM (SVPWM). These techniques
have been extensively discussed in the literatdoénfes 2003).The number of voltage vectors of alevel

of phases increases. In principle, there is afidteaibility available in choosing the propeapace vector
combination for an effective control of multi-phag8ls because of a large number of space vectors. |
SVPWM a reference space vector is sampled at d fixiterval to determine the proper switching vectors
and their time of application. Application of orlgrge-length active vectors leads to the maximussitbe
output voltage from a five-phase VSI, of 0.61535{peak), but unwanted low-order harmonics appe#ren
output phase voltages (Shi 2002),Toliyat 2000). p&cific problem, encountered in multi-phase drive
systems, is that generation of certain low-orddtage harmonics in the VSI output can lead to |aatgeor
current harmonics, since these are in essencéctedtonly by stator leakage impedance (Zhao 1996).
example, if a five-phase machine with sinusoidalding distribution is supplied with voltages contap

the 3%and the ¥ harmonic, stator current harmonics of tf&a8d the ¥ order will freely flow through the
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machine and their amplitude will be restricted tatar leakage impedance only. It is therefore irtgoarthat
the multi-phase VSI output is kept as close asiplest sinusoidal and the SVPWM scheme of (Zha@b)9

for a dual-three phase (asymmetrical six-phasehimacwas developed with exactly this reasoningpiind.

On the other hand, five-phase (and in geneqathase) machines can be designed with concentrételihgs
and in such a case it is desirable to utilise ki tharmonic stator current injection to enharfee torque
production (Xu 2002). Since now both the fundamleamd the third stator current harmonic are cotetlit

is necessary to have a suitable PWM technique,hwm@bles control of both the fundamental andtihid t
harmonic of the stator supply voltage. A space oreBWM method, proposed in (Ryu 2004) has been
developed for this type of a five-phase machinés bbased on the vector space decomposition tegéniqg
(Zhao 1995) and the inverter output voltages carttae fundamental and the third harmonic, whichoaté

of controllable magnitudes. If a multi-phase maehis with a sinusoidal distributed winding, the puit
voltages should contain only the fundamental corepband they need to be free of low-order harmowics
lot of effort has been directed in recent timesams development of SVPWM schemes for this type of
application (DeSilva 2004 - Kelly 2003). Most oéttvork has been related to five-phase VSis (De QDG4

- Casadei 2005), and it has been shown that, Imgusighbouring two medium-length and two largegtén
active vectors, one can achieve sinusoidal outpliages up to 85.41% of the maximum achievable
fundamental with application of large-length vestonly (Igbal 2006). Improvement of dc bus utilisat
from 85.41% to 100% inevitably leads to reappeaganicunwanted low-order harmonics in the output
voltages. These however can be kept at much loalaes than when only large vectors are utilisealipied
that modified SVPWM schemes of (Igbal 2006) areliegp Sinusoidal PWM equivalents of SVPWM for
multi-phase VSIs have not so far attracted muchknétin, with the exception of (Ojo 2005), where
carrier-based PWM with offset addition was conséderAs noted in (Ojo 2005), carrier-based PWM
methods are much easier to implement in multi-phéSks than SVPWM, since SVPWM requires sector
identification and look-up tables to determine timkeapplication of different vectors; this makes th
implementation complicated. The aim of this papethirefore to present a PWM technique for singdoid
voltage output from a multi-phase VSI, based onsididal carrier-based PWM with continuous sinudoida
harmonic injection. At first a five-phase VSl istsddered and fifth harmonic is injected to incretheelinear
modulation range. It is shown that the maximum exzible sinusoidal output voltage is increasediswiay

to 85.41% of the maximum fundamental, this beirggame as with SVPWM (and giving the full analofly o
the equivalence of SVPWM and sinusoidal PWM witimianic injection that is weknown for three-phase
VSIls, (Holmes 2003). This is followed by generalisatidntioe concept and an expression is given that
enables determination of the optimum injection l€ee any n-phase (for odaeh) VSI. An increase in the
output fundamental over 85.41% is only possibleripgcting other low-order harmonics that will hovegv
appear in the output voltages. The multi-harmonjedtion concept is therefore considered to extéed
operational range of the carrier-based sine-trafyVM for a five-phase VSI. Some experimental itssul
collected from a two-motor five-phase series-coteddrive (Igbal 2006), are given to illustrate tise of
sinusoidal multi-frequency PWM in a five-phase VSI.

2. Carrier — Based PWM

Carrier-based SPWM is the most popular and widsgduPWM technique because of their simple
implementation in both analog and digital reali@aiiOjo 2005) The principle of carrier based PWM
true for a three-phase VSI is also applicable taultiphase VSI. The PWM signal is generated by
comparing a sinusoidal modulating signal with artgular (double edge) or a saw-tooth (single edge)
carrier signal. The frequency of the carrier ismalty kept much higher compared to the modulating
signal. The principle of operation of a carrierdhs?WM modulator is shown in Figure.1 and
generation of the PWM waveform is illustrated igutie.2. Modulation signals are obtained using five
fundamental sinusoidal signals (displaced in time b = 2z/n), which are summed with a
zero-sequence signal. These modulation signals@rpared with a high-frequency carrier signal
(saw-tooth or triangular shape), and all five shiitg functions (1) for inverter legs are obtained
directly. In general, modulation signal can be esped as
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Wherei = a, b, ¢, d,andn, v.nrepresents zero-sequence signal,amare fundamental sinusoidal
signals. Zero-sequence signal represents a defiieeedom (DOF) that exits in the structure of a
carrier-based modulator and is used to modify matéhnd signal waveforms, and thus, to obtain
different modulation schemes. Continuous PWM schlgmealyzed in this paper, are characterized by
the presence of switching activity in each of tmeerter legs over the carrier signal period, ag las
peak value of the modulation signal does not extleedarrier magnitude.

The following relationship hold true in Figure. 2:

tn+ - t, = vt (2)
N 1
tn = (2_-'- Vn)ts IBa
tn+ = 1_+ Vi ts
(2 j b3

wheret,” andt,” are the positive and negative pulse widths innthesampling interval, respectively, aug

is the normalized amplitude of modulation signdieThormalization is done with respectMdc. Equation

(3) is referred as the equal volt—second princigéeapplied to a three-phase inverter (Holmes 2BR&ko
1997).The normalized peak value of the triangulamier wave is+0.5 in linear region of operation.
Modulator gain has the unity value while operatinghe linear region and peak value of inverterpotit
fundamental voltage is equal to the peak valueneffundamental sinusoidal signal. Thus the maximum
output phase voltages from a five-phase VSI ar@dignto 0.5 p.u. This is also evident in (Igbal D0
Thus, the output phase voltage from a three-phadean-phase VSI are same when utilizing carrisetla
PWM.

3. Sinusoidal PWM

The simplest continuous carrier-based PWM is obthiwith selection of the zero-sequence signal,idls

(t) = 0.Modulation signals for all five inverter legse equal to five sinusoidal fundamental signakaus,
while operating in the linear region, maximum vabfe¢he modulation index of the SPWM has the unity
value,Mspwym = 1. Modulation index is defined as the ratio lef fundamental component amplitude of the
phase-to-neutral inverter output voltage to oné-tfahe available dc bus voltage. Thus,
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M = (4)
O'aldc

WhereV is the fundamental output phase voltages.

V, = VCOSWt

v, =vecosWwt—a )

vV, =vcos(wt— 2r)

v, =vcosim— 3r) (5)

v, = vecos(wt— 4r)
Vv, =vcos(wt— r )

Vv, =vcoswt— nx)

Here

WhereMis the modulation indices of the fundamental. le inear modulation range is M is restricted to
0< M < 1. Equation (5) gives fundamental reference pha#ages. For sinusoidal carrier-based PWM
the fundamental peak magnitude of the output velfagM= 1 is 0.5\4.

4. Simulation results

A simulation is performed in order to prove thergase in the maximum fundamental modulation index b
the proposed scheme. The dc link voltage is sé&.30p.u. and the modulation indékis set to 1. The
switching frequency of the VSI is chosen as 1 kHd tne reference fundamental frequency is keptléqua
50 Hz. The simulation results are depicted in Fég8rto Figure.7, respectively. As is evident fritva upper
part of Fig. 3 to Fig.7 shows the, inverter legerehce voltages and carrier signals at the fundthen
modulation indexM = 1. Bottom parts show the output phaseoltage and its spectrum. In Figure. 3 to
Figure.7 show the corresponding value is only 0.8%8 (0.5 p.u. peak). Fig.8 shows the when number
phases increases total harmonic distortion (THD)eases correspondingly.

9. Conclusion

Carrier-based n-phase VSI, aimed at sinusoidalubuipltage generation were analyzed and compared
using the analytical and simulation approach. Téreier based PWM method is simple approach and easy
to implement in the simulatiorin the proposed work aimed at providing a genegélisarrier-based PWM for
n-phase invertersThe viability of the proposed concept is provedsbyulation taking for n-phase (3, 5, 6, 7 and 9)
VSl as an example. From the observation the ouythase voltage from three phase to nine phase @nvisrtsame.
Increasing number of phases percentage incred3¢bnis observed in the carrier based PWM technique.
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Figure 1. Switching pulses of carrier-based PWNhiégque.
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Figure 3.Three phase inverter leg reference vadtagel carrier (upper), and output phaseltage and its
spectrum of three phase inverter M{: 1 (lower).
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Figure 4. Five phase inverter leg reference voltage carrier (upper), and output phaseltage and its
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Figure 5. Six phase inverter leg reference voltagekcarrier (upper), and output phassltage and its
spectrum of six phase inverter Mrlz 1 (lower)
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Figure 6. Seven phase inverter leg reference vedtagd carrier (upper), and output phasgeltage and its
spectrum of seven phase inverterM)lr: 1 (lower)
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