International Journal of Power Electronicsand Drive System (1JPEDS)
Vol.2, No.2, June 2012, pp. 203~218
ISSN: 2088-8694 d 203

Analysis of Discontinuous Space Vector PWM Techniques
for a Seven-Phase Voltage Source I nverter

Mohd. Arif Khan™, Atif Igbal®, Sk Moin Ahmad™, Zakir husain™
#l Deptt. of Electrical & Electronics Engineering,igtina Institute of Engg. &Tech., Ghaziabad, 201206ia,
#2 Electrical & Computer Engineering Programme, Tek&® University at Qatar, Doha, Qatar,
#Department of Electrical & Electronics Engg, Natbinstitute of Technology, Hamirpur, India
Email: mdarif27 @rediffmail.com, atif2004@gmail.comgpin.nt@gmail.conzahusain2@gmail.com

ArticleInfo ABSTRACT

Article history: This paper presents discontinuous space vector RPRWM) techniques
. ¢ for a seven-phase voltage source inverter (VSlac8pvector model of a
ReC_e'Ved Jan' 2012 seven-phase VSI shows that there exist 128 spacw@rsewith different
Revised Mar 28, 2012 lengths and maps into fourteen sided polygons. fber of possibilities
Accepted Mar 2%, 2012 could arise to implement modulation of inverterdelyie to large number of
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Keyword: discontinuous space vector PWM. Clamping of legsnwrter to either

: . positive or negative dc bus leads to discontinuitythe switching and
DiscontinuousSVPWM consequently offers reduced switching loss modutatistrategy. A
C N . significant reduction in switching losses can baiewed while employing
T'IE)IE% Harmonic Distortion DPWM in a seven-phase VSI. A generalised methodlds proposed to
( ) realize the DPWM in a seven-phase VSI. Comparisoraritinuous and
Voltage Source Inverter (VSI) discontinuous PWM is presented in terms of switghduirrent ripple. The
experimental set-up is illustrated and the expentaieresults are presented.
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1. INTRODUCTION

Speed controlled electric drives predominatelyisgithree-phase ac machines. However, since the
variable speed ac drives require a power electromiwerter for their supply, the number of mactphases
is technically not limited. This has led to an e&se in the interest in multi-phase (more tharetpteses)
ac drive applications, especially in conjunctioriharaction, EV/HEVs and electric ship propulsidij-[4].
Supply for multi-phase variable speed electric eliiiv the majority of cases is provided by Voltageige
Inverters. There are two methods of controlling dliput voltage and frequency of such inverters elgm
square wave mode and pulse width modulation modaurdber of PWM techniques are available to control
a three-phase VSI [5]. However, Space Vector PWadth Modulation (SVPWM) has become the most
popular one because of the easiness of digitaleimehtation and better DC bus utilisation, when caneg
to the ramp-comparison sinusoidal PWM method. SVPWiMhree-phase voltage source inverter has been
extensively discussed in the literature [5]. SVPVid a five-phase inverter is taken up in [6]-[13jda
SVPWM for six-phase inverters are elaborated if}-[14]. Seven-phase inverter for a seven-phasehteas
dc motor is illustrated in [18] and for axial flseven-phase machine is presented in [19]. Contg&pace
vector PWM to generate sinusoidal output from sesegehase VSI is elaborated in [20]-[21]. Discontins
space vector PWM technique for a seven-phase e#tagrce inverter is discussed in [22], where prediry
results are presented for method involving only tearge outer set of vectors and with distorted oytm
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contrast this paper proposes sinusoidal output ddsee than seven-phase for instance nine-phadd223
and twelve phase [26] inverters are also availablthe literature. Generalised space vector PWMnfor
phasevoltage source inverters is presented recentlygudirty ratio approach for sinusoidal output [27HeT
analysis of output current ripples in multiphasévals using space vector approach is presented8h [2
Detailed review on the multiphase drive systemsaesented in [29].

Switching losses are the main concern in multiplthsee systems as their major application areas
are considered in high power range. The concegisafontinuity in switching legs can be employedtses
potential means of reducing the switching lossgs Thus this paper analyses Discontinuous SVPWM
technique to provide variable voltage and frequematput from a seven-phase VSI with reduced swilghi
losses. This modulation technique is known to offemarkable advantages compared to the continuous
SVPWM in terms of significantly reduced switchirgg$es. At first, in the paper modeling of a seviease
VSl is reviewed in terms of space vector represemaThe model obtained is decomposed into thnee t
dimensional orthogonal spaces.

The switching combinations yield 128 space vecspanning over fourteen sectors. Two different
schemes are investigated in this paper. The oatge llength space vectors are used to implement the
Discontinuous SVPWM method at first followed by ngisix active space vectors. The six active vectors
application yield sinusoidal output voltages angl ¢ther method produce low order harmonics in titpud
voltages. A comparison is done for the two schedes®loped in the paper in terms switching currigple.

A generalised analytical expression is obtained presented to access the switching loss reduction b
adopting the discontinuous PWM schemes. Furthereremlised concept is presented to generate the
required leg voltages for discontinuous PWM scherBanulation and experimental results are provitted
support the analytical and theoretical findings.

2. MODELLING OF SEVEN-PHASE VS|

Power circuit topology of a seven-phase VSI is shawFig. 1. Each switch in the circuit consists
of two power semiconductor devices, connected iti-parallel. One of these is a fully controllable
semiconductor, such as a bipolar transistor or IG®file the second one is a diode. The input of the
inverter is a dc voltage, which is regarded furtberas being constant. The inverter outputs aretddnn
Fig. 1 with lower case symbolsa,b,c,d,e,f,pwhile the points of connection of the outputsrigerter legs
have symbols in capital letter,8,C,D,E,F,3. A complete space vector model of a seven-pheSki&/
reported in [19]. A brief review is presented heFbe total number of space vectors available ieaes-
phase VSI is 2128. Out of these 128 space voltage vectors, i@@etive and two are zero space vectors
and they form nine concentric polygons of fourtsites in d-g plane with zero space vectors at tiggnoas
shown in Fig-2.

v le l] l3 l5 l7 l9 l]] l13

n

Figure 1 Seven-phase voltage source inverter poinarit

However, since a seven-phase system is under @atwh, one has to represent the inverter space
vectors in a seven-dimensional space. Such a satde decomposed into three two-dimensional sub-
spacesd-q, %-y; andx»-y,) and one single-dimensional sub-space (zero-segefince the load is assumed
to be star-connected with isolated neutral poiatpzsequence cannot be excited and it is thersfaffecient
to consider only three two-dimensional sub-spades,x;-y; andx,-y,. Inverter voltage space vectordrq
sub-space is given with [20],

ydq:(2/7)tVa+a‘6+aZVc+3€\’d +a*3\/e+a*2vf +E{Vg) (1a)

wherea = 1277 32 =l 4717 33 = 167/7 3nq * stands for a complex conjugate.
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Figure 3 Phase-to-neutral voltage space vectorstéibes 1-128 (states127-128 are at origim)-yy plane

On the basis of the general decoupling transfolonatiatrix for am-phase system, inverter voltage
space vectors in the second two-dimensional subesfigy;) and the third two-dimensional sub-spagg (

y,) are determined with,

Analysis of Discontinuous Space Vector PWM Techagfor a Seven-Phase Voltage Source Inverter
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Viayt = (2/7)(\/a + a2vb + a4vc + a6vd +avg + a3vf + a5vg )

Vioyz = (2/ 7)(\/a + a3vb +a

by, +avy +a’v, +avs + a4vg)

(1b)

The zero-sequence component is identically equaéto because of the assumption of isolated nequiat.
The phase voltage space vectors in two orthogdaakp, obtained using (1), are shown in Figs. 3 & 4

It can be seen from Figs. 2, 3 and 4 , the vectappimg in d-g axis, x1-yl axis and x2-y2 axis.
There are in total fourteen distinct sectors with724288 (a/7 radians) spacing. The inner-most space
vectors ind-q plane are redundant and are therefore omitted ffarther discussion. This is in full
compliance with observation of [17], where it iatetd that only subset with maximum length vectangeho
be used for any given combination of the switchied fire ‘on’ and ‘off’ (3-4 and 4-3 in this cas&he
middle region space vectors correspond to two se#deing ‘on’ from upper (lower) set and five shés
being ‘off from lower (upper) set or vice-versadaone switch being ‘on’ from upper (lower) set asid
switches being ‘off’ from lower (upper) set or vigersa. In what follows, the vectors belonging he t
middle region are simply termed medium and smattes, while the vectors of the outer-most regiom a

called large vectors.
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Figure 4 Phase-to-neutral voltage space vectorstéibes 1-128 (states127-128 are at origim}-yp plane

3. CONTINUOUS SPACE VECTOR PULSE WIDTH MODULATION SCHEMES

3.1. Using Only Large Vectors

This section reviews the continuous SVPWM scheres fseven-phase VSI. Since there exist 128
space voltage vectors spanning in fourteen sectorgrge number of SVPWM schemes are possible.
However, for simplicity only large vectors may bged to implement the SVPWM. The basic principl®is
identify the location of reference voltage vectarsl once it is known the two neighbouring largevact
vectors are applied for a specific time duratiotleckdwell time and are given by;

*
Vs
t

‘sin(kn/? - a)

a” vy [sin(rz/7)

ts
(2a)
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\_/*S sin(a' - (k —1)77Tj

ty = - ts
|\_/, |S|n(7T/ 7) (2b)
tg =ts —ty —tp (3a)
tip7=V1o (3b)
tig = (1= ¥)to 30)
where k is the sector numberk(= 1 to 14) ang, \:\v ‘:M :(ZJVDC =0.6419/- .. Symbol\_/;
al bl | Z:Oi3ﬂ/7) DC

denotes the reference voltage space vector, v}@iletands for modulus of a complex numbeand index

“I” stand for large vectors. Suffix ‘a’ stand for the veston the right of the reference vector and suffix ‘b’
refers to the active vector on the left of the referemator.

It is to be noted that the factgroffers a degree of freedom to formulate different typleBWM schemes. In
case of continuous symmetrical SVPWM the fagter 05 and in discontinuous SVPWM defined in the next
section is either 0 or 1. The largest possible fundamenddl y@tage magnitude that may be achieved using
this scheme corresponds to the radius of the large# tirat can be inscribed within the tetra-decagon. The
circle is tangential to the mid-point of the lines connectingethés of the active space vectors. Thus the

maximum fundamental peak output voltayg, is ,, [ZJVDCCOSTAL -
max

>t

fundamental output in fourteen-step mode is given Wity = —VDc 0.6366Vpc [24]. Thus the ratio of

06250/, - The maximum peak

the maximum possible fundamental output voltage W|th SVPWM andfourteen-step mode is
Vimax ! Vimax 14step = 09831583 The switching pattern for sector | is illustrated in Fig.hbvéing seven leg

voltages. It is important to note that the three I&g8 @andG) have same pattern and three other IEHE (
and F) have same pattern. In other word it can be said thaetlegs are turned off simultaneously. The
output voltage generated by this method contains a sigmifammount of lower order harmonic especially
third and fifth. This is due to the fact that they; andx,-y, plane space vectors are not attenuated in the
modulation scheme and are freely flowing.
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Fig. 4. Switching pattern and space vector disposition imsefér SVPWM with large space vectors only.
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3.2. Svpwm For Sinusoidal Output

The distributed winding machines require sinusoidal input veltgd current. Thus a method is devised to
eliminate the lower order harmonics generated in theigue method. In essence it is essential to eliminate
the unwanted space voltage vectorxg§; andx,-y» planes. The principle is to apply the required space
vectors for appropriate time so that tg vector sets cancels each other. The times of applicaiforectors

are however, once again calculated using equation8)®)ih the following constraint;

ta=ta+th +ta tp =ty +ty +t)'

Y 8 O A O D

a [Vxa-yl Tta [Vxa-yil = taVa-yals  to [Via-ya| Hlo [Vadoya| = to|Via-ya
Il VTR EATINT VTN

ta Vx2—y2‘ +ta Vx2—y2‘ =ta|Vxo-y2| b Vx2—y2‘ +p Vx2—y2‘ =ty Vx2—y2‘

4

Six active vectors are chosen from different sets @ suway that the corresponding vectors in the other t
planes fall opposite to each other. With the constraint pugbgt®n (4), these opposing vectorspf/; and
X>-Y, planes cancel each other. In this way sinusoidal outpliage is generated by the voltage source
inverter. The space vector disposition and their respentagnitudes for sector 1 are illustrated in Fig. 5.
The maximum available output voltage with this SVPWM method.&13V,.. Thus the ratio of the
maximum possible fundamental output voltage with SVPWM and faorteen-step mode is
Vi !V maxtasep = 0.8058 The switching pattern for this scheme is elakeatam Fig. 6. It is noted from Fig. 6

max
that all the seven legs have staggered turningnohtarning off times and thus have different swiiich
pattern. This is actually the requirement of getiegasinusoidal output.
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Fig. 5 Space vector disposition in sector 1for stidal output
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Fig. 6 Switching pattern and space vector dispmsith sector | for sinusoidal SVPWM.

4. PROPOSED DISCONTINUOUS SVPWM

4.1 Using Only Large Vector [22]
This section describe the switching ripple chandstie in the discontinuities PWM method using
only large vector, which was not presented in [2Zlfjis is important for the comparison purposes. The

IJPEDS, Vol.2, No.2, June 2012: 203- 218



IJPEDS ISSN: 2088-8694 a 209

switchings of different legs are shown in Fig. ¥ BBWVPMMIN when using only large set of vectors, dhd
similar pattern can be evaluated in other DPWM sw® The filled portion of Fig. 7, indicate the tees
where the corresponding leg remains un-modulateldtlaa unfilled portion of the circle represents time

in which the switching takes place. It is eviddmdtteach leg remains un-modulated for six sectasthey
are tied to the negative dc rail) and switches gbarstates in remaining eight sectors. It is alsdeat that
in each sector three legs of the inverter remaimodulated. In DPWMMIN and DPWMMAX the legs are
tied continuously to either negative or positiverdit, respectively in six sectors. In DPWMO and\WHM 1,
the un-modulated legs changes alternatively inwleconsecutive sectors.

1

Fig. 7. Discontinuity in different legs during DPWN.

Current Ripple in DSVPWM

The generalised current ripple equation is givefbhs

_ 2.2
i Zab = (%j %[(Uz ~u P+ (up w4 (g - Ul)(ug -0 )] ®)

This equation is valid if\7AB =V, -V >0and in seven-phase case, it is only valid in secig5,6,11,12 &

13, i.e. in these sectors the difference betwegmiland leg B voltage exist and in the rest ofsbetors they
are equal. With appropriate substitution fgrand u, for each modulation strategy the squared harmonic
current ripple is evaluated.

As an example one sample calculation is shown leregector 4, part of the switching waveform igegi in
Fig. 8.

Sector 4

_ : ITS

Fig. 8. Switching waveforms for the seven phase MSkector 4 using SVPWM in continuous mode.

The time of application in sector 4tis= Tsand t, = T, ConsideringVa & Vg, average leg voltages

Analysis of Discontinuous Space Vector PWM Techagfor a Seven-Phase Voltage Source Inverter
(Mohd. Arif Khan, Atif Igbal, Sk Moin Ahmad, Zakisain)



210 O ISSN: 2088-8694

Va= [VT—T] [T -5
VB = [VT—dSC] [Ta +7s]

(6)
The time of expression for each vector is substitdtom equation (2) one gets;
Vi =V, [ —m (cos (%+ a) + sin (37n+ a))]
Vg = Vg, [ —wm (cos (% + a) —sin (3711 + a))] )
Now assuming;
Ve, Ve
Vdc Ve (8)
Wheremis the modulation index defined as;
v,
m= | 0Ut| (9)
V14step

The current ripple expression for continuous madebitained as;

AT 5T 6T —37 —ZTE 71'

Tap = f;ﬁb + fgiﬁb + f;iéb + fo + f i Tap + f iy (10)
7 7 7 7

7

2
2, = ("Li) Z-(0.120m? — 0.013m? + 0.016m — 0.005) (11)

The current ripple expressions for discontinuousienabtained as follows;

2, = (%) §(0.118m3 — 0.064m? + 0.068m — 0.003) (12)
Or in more general terms as

%= () 2 e 3

Where the functiori(m) is the Harmonic distortion factor (HDF). HDF is commonly used as a figure of

merit for PWM strategies that are independent afching frequency, DC bus voltage, and load induictes

[5].

Where L,=L;+ _mk2  and Ly, Ly, L, correspond to stator leakage, rotor leakage, aadnagnetizing
Lm+L2

inductances respectively. The current ripple iswshographically for varying modulation index for

continuous and discontinuous space vector PWMdn i The ripple current in continuous SVPWM isrsee

lower than the discontinuous mode.

012

| o — . ——
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Y banananenees et ----------------
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Fig. 9 Comparison between all the scheme on this basurrent ripple and modulation index
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4.2. Using Six Vector for Sinsusodial Output

As a general rule the number of active vectorspace vector PWM for realising the sinusoidal
output should be n¢{l). Hence in case of a seven-phase VSI, the nunfbactive vectors should be 6 for
realising sinusoidal output. The discontinuous epaector PWM is thus developed in this paper withdim
to generate sinusoidal output. The same princiglethat of the last section is utilised to develbp t
discontinuous space vector PWM. The output phaftages remains sinusoidal but the leg voltagesthed
common mode voltages takes different shapes depgiodi the type of the PWM techniques.

All the proposed schemes are presented in Fig Héisg the placement of zero vectors and the
waveforms for each schemes wheéfg,, (Leg voltage),V, (phase voltage)y,y (voltage between neutral
point). Once again only four different schemes @laborated depending upon the relocation of the zer
space vectors, nevertheless, a number of otheibilies do exist. The switching scheme is presenin
Fig. 11 for DPWMMAX and DPWMMIN. It is observed thane leg remains unmodulated in contrary to the
previously discussed method where three legs wameodulated. Thus the number of switching is reduoed
one seventh compared to its counterpart in contisunode. The upper power switch remains continyousl
on and hence the leg is tied to the positive dcinaDPWMMAX, while in DPWMMIN the lower power
switch is continuously on leading to the leg beiigd to the negative dc rail. To further show the
discontinuity in different legs, another pictonaew is presented in Fig. 12, here the filled sestoows un-
modulated legs. Thus each leg remains unmodulatetivb consecutive sectors and modulates in remgini
twelve sectors of the complete mapping.

“Woltage(p.u.)

a8 N LT
o0z 0025 003 0036 0.04 0045 005 0055 0.06
Tirme(sec)

ok 7N
K VAR

I SN W /A BANAN W, W
AN, Vil

NG 4 W SR A

08

“oltage(p.u.)

i i i i i i i
0.02s o.o3 0.038 0.04 0.045 o.os 0.055 0.08
Time(gec)
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Fig. 12. Discontinuity in different legs during DRIWIIN

Current Ripple in sinusoidal mode

For sector 1
Vi =Vy [ﬁm (COS (i—’: + a) + sin (a))]
7
Vg =V, [0.0092m (151 cos (= + a) + 250 sin(a))] (14)
The square of the current ripple expression forctir@inuous mode

2
2, = (%4) % (1.354m® — 0.799m? + 0.141m — 0.006) (15)

Analysis of Discontinuous Space Vector PWM Techagfor a Seven-Phase Voltage Source Inverter
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For DPWMMIN, DPWMO, mode it is obtained as;

2
2, = (24) % (~0.04m® + 1.025m? — 0.229m + 0.010) (16)

For DPWMMAX, DPWM1
2
2, = ("Li) = (1.212m? + 0.268m? — 0.066m + 0.003) (17)

The harmonic distortion is plotted in Fig. 13, slsoence again lower distortion in the continuous endihis
is obvious due to the continuous switching in tineerter legs.

5. EXPERIMENTAL INVESTIGATION

Experimental investigation is performed to implemntdre proposed DPWM strategies for a seven-
phase VSI. Three standard three-phase VSIs are tesguovide seven-phase output. The DC link is
paralleled to make it common for all the three mMeduThe DSP TMS320F2812 has provision of genagatin
three independent PWM outputs per event managessing full compare units and one independent PWM
output is generated by the GP timer compare ufiteis a maximum of eight-phase inverter can be
controlled using one DSP The full compare unit pagyrammable dead-band for PWM output pairs but the
other two PWM channels do not have the provisiomedd band. Thus a dead band generating circuit is
fabricated which act upon those PWM signals whiohndt have inbuilt dead band. A distribution paisel
developed which distributes the fourteen PWM sigrggnerated from DSP to three power modules. The
schematic of a DSP based seven-phase VSl is pegsenFig. 14.

1.4 : : : :

e e S e

08| — — R A—

HDF

Y S— S S—— A —

o )77 IR ............... ................ et a0, SN SR——

L DPWMMIN

DPWMO
0.2

02 i i i
0 0.2 0.4 0.6 0.8 1

Modulation Index
Fig. 13 Comparison between all the scheme on this o current ripple and modulation index

The experimental waveforms for sinusoidal outpet iustrated in Fig, 15 for both DPWMMAX
and DPWMMIN. In this case only one leg remain unmated and rest of the six legs switches as that of
continuous space vector PWM case. The filteredi@tages show either upper or lower cycle beingdize
to discontinuity in the switching pattern. A sev@mase R-L load with R = 300 watt and L = 24 mH is
connected to the inverter and the filtered phastages and load currents are depicted in the Idreee Fig.

16 for 50 Hz fundamental output and 10 kHz switghirequency. Tektronics current probe A622 is used
record the load current with scaling of 100mV/A.eTphase voltage and current is sinusoidal as thifieo
continuous SVPWM. Thus the proposed discontinuqece vector PWM offer sinusoidal output with
reduced switching losses and thus is recommendagséin medium voltage and high power applications
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Fig. 14 Block schematic of a DSP based seven-pti8te

6. GENERALISED DISCONTINUOUS SVPWM
A generalised discontinuous Space vector PWM iglabla for a three-phase VSI in the literature.

The same concept is extended here for a seven-p&isé generalised neutral or common mode voltage

generated which is then injected into the referevmiéage to obtain a set of modulating signals. SEhe

modulating signals are then compared with high'feagry triangular wave to generate the gate driyeads.

Although this is similar to carrier-based PWM meathaut it produces the output of the similar qual@ythat

of the space vector PWM. The method can be explaiseng Fig. 16.
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Fig. 15. Experimental waveform of DPWMMIN; al. setitng pattern and az2. filtered leg voltages for
DPWMMIN, bl. switching pattern and b2. filteredjleoltage for DPWMMAX
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Fig. 16. Experimental waveform of filtered phasaéatral voltage and phase currents
Modulator phase angle is denoted byand is measured from the intersection point oftiin@ reference
wave ait = 77/7 . The common mode voltage shown as shaded portiigi 15 is obtained as;

VaN = s;gr(va Vh, Ve, Vg s Ve Vi ,vg) *05Vyc — max(va Vp, Ve, Vg s Ve, Vi ,vg) (18)

1 Amp/ D1V

*

At first the maximum reference voltage is identfiand then the difference between the availabléwc
voltage (0-5Vdc) and the maximum of the reference yield common mealeage. The control range of
a - [0—77/7] to keep the operation of modulator in the lineage.

This concept can be generalised kgphase voltage source inverter as given in equgti®) and the
linear control range become - [0—77/k] :

Viyny = SGMVa Vo Ve onns Vi) * 0BVige = MaXVi Vg, Viserrerre Vi )
BEEEa b
H H H H H H H T m

U DL LT

Fig. 17. Generalised Discontinuous PWM method éves-phase VSI
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7. CONCLUSION

This paper presents discontinuous space vector PAtiMmes for a seven-phase voltage source
inverter. Two methods are prevalent for implementiontinuous space vector PWM, one using two large
vectors and one using six space vector, the laitier sinusoidal output voltages. Thus this mettied
adopted in the paper to implement discontinuousespeector PWM method. Four different schemes are
proposed and their behaviour is evaluated in téfiswitching current ripple and compared with théséng
continuous space vector PWM. The switching ripgldower in case of continuous space vector PWM.
However, switching losses will be lower in casedafcontinuous space vector PWM as each leg remain
unmodulated or not switched for two consecutivaasc This leads to reduced switching but highpplg.
A generalised expression is presented to implenieatdiscontinuous PWM fon-phase number. The
distortion factor in switching currents is seerbtohigher in discontinuous PWM mode due to lowenber
of switching in different legs of the inverter. Thienulation and experimental results matches talgodent.
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