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Comparative Analysis of Discontinuous Space Vector PWM
Techniques of a Three-Phase Inverter

Abstract

Variable speed ac drives are nowadays the work horse of industry. To obtain variable
voltage and frequency supply, inverters are the most common choice. Various pulse width
modulation (PWM) techniques have been developed for three phase voltage source inverters
in the last decade. Space vector PWM technique is the most popular choice due to their
easier digital implementation and better dc bus utilization when compared to the most
commonly used carrier-based PWM scheme. In discontinuous PWM mode one of the leg of
inverter is tied to either positive or negative rail of DC bus. This paper is devoted to the
development of Space vector PWM strategies in discontinuous mode for three-phase VSIs.
Discontinuous Space vector PWM offer the advantage of lower switching losses which is
important especially in high switching frequency applications. The paper analyses various
existing discontinuous PWM techniques based on harmonic performance of the output phase
voltages. The harmonic performance indices chosen are total harmonic distortion, weighted
total harmonic distortion, harmonic factor and harmonic distortion factor. The performance
is evaluated based on low-order harmonic content in the output phase voltages. Further few
novel Space vector PWM method in discontinuous mode is proposed and analyzed.
Performance comparison of the existing techniques and proposed schemes are presented.
The complete space vector model of a three-phase VSI is also presented. The analysis is done
using Matlab simulation.

Keywords — Space vector, PWM, Modulation Index, Total Harmonic distortion (THD),
Weighted Total Harmonic Distortion (WTHD).
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(1)-INTRODUCTION

Three-phase voltage source inverters are widely used in variable speed ac motor drives
applications since they provide variable voltage and variable frequency output through pulse width
modulation control. Continuous improvement in terms of cost and high switching frequency of
power semiconductor devices and development of machine control algorithm leads to growing
interest in more precise PWM techniques. Volume of work has been carried out in this direction
and a review of popular techniques are presented in [1,2]. The most widely used PWM method is
the carrier-based sine-triangle PWM method due to simple implementation in both analog and
digital realization. However, the dc bus utilization in this method is low (0.5V,, ). This has led to the

investigation into other techniques with an objective of improvement in the dc bus utilization. It is
found in [3] that injection of zero sequence (third harmonic) extends the range of operation of
modulator by 15.5%. The major problem associated with high power drive applications is high
switching losses in inverters. To reduce switching losses a PWM technique termed as
discontinuous PWM (DPWM) was developed in [4,5]. The proposed discontinuous PWM
techniques were based on triangle-intersection-implementation, in which non sinusoidal
modulating signal is compared with triangular carrier wave. A generalized discontinuous PWM
algorithm was presented in [6] which encompasses the techniques presented in [4,5]. However, the



better visualization of the DPWM methods is obtained by using space vector theory. A generalized
DPWM based on space vector theory is available in [7, 8, 9, 10]. This paper is focused on the
space vector theory approach. All the discontinuous PWM strategies is based on the principle of
eliminating one of the zero voltage vectors, causing the active voltage space vectors to join
together in two successive half switching interval. The discontinuous PWM techniques have the
advantage of eliminating one switching transition in each half switching period, consequently
reducing the number of switching by one third. Alternatively, the switching frequency can be
increased by 3/2 for the same inverter losses.

Another PWM technique termed as Space vector PWM based on space vector theory was
proposed in [11] which offer superior performance to the carrier-based sine-triangle PWM
technique in terms of higher dc bus utilization and better harmonic performance. Later on it was
realized that the placement of the active and zero space vectors in each half switching period is the
only difference between the carrier-based scheme and SVPWM [12].

This paper is devoted to the development of Space vector PWM strategies in discontinuous
mode for three-phase VSIs. At first space vector PWM in linear region is analyzed and a review of
the existing DPWM techniques based on space vector approach is presented. Based on the existing
techniques three more discontinuous space vector PWM methods are proposed by rearranging the
two zero vectors skillfully. A complete analysis and comparison of the existing and the proposed
techniques are presented. The performance indices chosen are the harmonic distortion factor, total
harmonic distortion, weighted total harmonic distortion and harmonic switching losses.

(2)-SPACE VECTOR PWM IN LINEAR RANGE

This section is devoted to the development of Space vector PWM for a two-level voltage
source inverter in linear region of operation [7]. As seen from Fig 1, there are six switching
devices and only three of them are independent as the operation of two power switches of the same
leg are complimentary. The combination of these three switching states gives out eight possible
space voltage vectors. The space vectors forms a hexagon with 6 distinct sectors, each spanning 60
degrees in space. At any instant of time, the inverter can produce only one space vector. In space
vector PWM a set of three vectors (two active and a zero) can be selected to synthesize the desired
voltage in each switching period. All of the eight modes are shown in Table.1.
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Fig. 1 Power circuit of a three-phase voltage source inverter



Table-1 Possible modes of operation of a three-phase VSI

State On Devices Van Vbn Ven Space Voltage

Vector
0 T2, T4, T6 0 0 0 V(000)
1 T1, T4, T6 2Vde/3 -Vdce/3 -Vde/3 V4(100)
2 T1, T3, T6 Vde/3 Vde/3 -2Vdc/3 V5(110)
3 T3, T2, T6 -Vdc/3 2Vdc/3 -Vde/3 V5(010)
4 T2, T3, TS -2Vdc/3 Vdce/3 Vdce/3 V4(011)
5 T2, T4, TS -Vde/3 -Vde/3 2Vdce/3 Vg(001)
6 T1, T4, T5 Vdc/3 -2Vde/3 Vdce/3 Vg(101)
7 T1, T3, T5 0 0 0 V7(111)

Out of eight topologies six (states 1-6) produce a non-zero output voltage and are known
as active voltage vectors and the remaining two topologies (states 0 and 7) produce zero output
voltage (when the motor is shorted through the upper or lower transistors) and are known as zero
voltage vectors, various possible switching states are shown in Fig 2.

T T T

& & & Fil
b b p b b
— —0 £ i
0 & l/ o —LL i l/
B0=000 E1=100 E2=110 Sa=010
1 T\ 1 —tr | 1 1
o A l\ @ a
b b b b
r— r—c 1 . — <
oL L1 e di e add
Sa=011 S5=001 S5=101 L7=111
Fig. 2 -The switches position during eight topologies
Space vector is defined as [7],
v*:%(v +av, +a’V, ) (1
—S 3 a —_ —"C

Where a=exp(j27/3).

The space vector is a simultaneous representation of all the three-phase quantities. It is a complex
variable and is function of time in contrast to the phasors. Phase-to-neutral voltages of a star-
connected load are most easily found by defining a voltage difference between the star point n of
the load and the negative rail of the dc bus N. The following correlation then holds true:

Va =V VN

VB =V +VnN (2)

Ve =Vc +VnN

Since the phase voltages in a start connected load sum to zero, summation of equation (2) yields

van =(1/3)(Va +Vg +V¢ ) 3)



Substitution of (3) into (2) yields phase-to-neutral voltages of the load in the following form:

Vp = (2/3)vg —(1/3)(va +Vc ) 4

Phase voltages are summarized and their corresponding space vectors are listed in Table 1. The
eight vectors including the zero voltage vectors can be expressed geometrically as shown in Fig 3.
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Fig. 3 - Space Vector representation of Line to Neutral Voltages

Each of the space vectors, in the diagram represent the six voltage steps developed by the
inverter with the zero voltages V(0 0 0) and V(1 1 1) located at the origin.

Space Vector PWM require to averaging of the adjacent vectors in each sector. Two
adjacent vectors and zero vectors are used to synthesis the input reference determined from Fig.4
for sector I. Using the appropriate PWM signals a vector is produced that transitions smoothly
between sectors and thus provide sinusoidal line to line voltages to the motor. The switching
patterns for switches in different sectors are as shown in  Fig. 5.

A vV,

TJT, V: Real

Fig. 4- Principle of time calculation for SVPWM in sector I
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In order to generate the PWM signals that produces the rotating vector. The PWM time

intervals for each sector is determined from Fig. 4 for sector I as

+(V, cos60)

S

T
Along imaginary axis:

Tl
0+ (V, sin 60)

Along real axis:

Vl

mV; sin(60 — )
V, sin 60

T, =T



m ;VDC sin( 60 — )
Tl = T S 2
§V oc Sin 60
T, = g mT, sin(60 — &) (7)
T, =T, mVg .sma
V, sin 60
3 .
T, = % mT, sin(x) (®)
T,+T, =T, - (T, +T,) 9)
Generalizing the time expressions gives
T, = ﬁst sin(k—”—aj (10)
2 3
T2zngSsin((k_Tl)ﬂ—a];kzl,Z,&.. (11)

The time of application of active and zero space vectors for all six sectors are given in Table 2
[13]. The periods T; T, and T,, depends only on the reference vector amplitude Vs and the angle

‘a’. This shows that the period T; T, and T, are the same in all sectors for the same Vs and ‘o’

position. In the under modulation region, the vector Vs always remains within the hexagon. The
mode ends in the upper limit when Vs describes the inscribed circle of the hexagon.
Modulation Index MI (m) is given by

Vs
\Y
Where, Vs = input reference vector magnitude

1Sixstep

2V )
Vi1sixstep = fundamental peak value % of the six step output.

The maximum value of input reference is the radius of largest circle inscribed in the hexagon given
by

A %vDC c0s(30°) = 0.577V ¢

Therefore, maximum modulation index

*

m = \\//S - 0‘5277VDC = 0.907 (12)
1SW 7VDC
T

This means that 90.7% of the fundamental of the six step wave is available in the linear

region, compared to 78.55% in the sinusoidal PWM [7].



Table 2 — Application of time [13]

Sector 1
0<wt<?)

Sector 11
T <wi< )

Sector III
(F <wt<n)

T, = @st cos(wt + %)
Ty = BmT, cos(wt + )
T0+T7=T5—T1 —Tg

3-,,

Ty = B¥mT, cos(wit + 47)

T3 = £mT cos(wt + &)
Ty+Tp =T, — T, —Ts

T = %mT cos(wt + )
Ty = lzﬁmT cos(wt + 3F)
T+ T =T, - T - Ty

Sector IV
(r Swt < 4F)

Sector V
(F<wt<&)

Sector VI
(52 < wt < 27)

Ty = %st cos(wt + 161')
T = —2\/3st cos(wt + %)
To+Tr =T, -T,—T;

o+ 17

= LT, cos(wt + 5X)
T = ?st cos(wi -+ %)
= Ts - T5 - T6

= Y3mT, cos(wt + )
Ty = BmT, cos(wt + 1F)
Ty + T7 T,-T\ - T

3 - DISCONTINUOUS SPACE VECTOR PWM TECHNIQUES

carrier interval.

3.1 Existing discontinuous modulation strategies:

Ao e

All the existing schemes are shown in figures, Fig 6. Part (a) of Fig 6 show the placement of
zero vectors and part (b) of Fig 6 show the waveforms for each schemes where Vayg (pole
voltage), Va (phase voltage), Vin(voltage between neutral point) called common mode voltage.

It can be seen from the literature review [14], that there exist six different types of

discontinuous PWM methods.

to = 0 (DPWMMAX) for all sectors[15]
t; =0 (DPWMMIN) for all sectors[15]

0" Discontinuous modulation (DPWM 0)[8]

30° Discontinuous modulation ( DPWM 1) [4]
60° Discontinuous modulation ( DPWM 2 )[8]
90° Discontinuous modulation ( DPWM 3)[8]

Vi@aoo)

It is possible to move the position of the active voltage pulses around within the half
switches interval, to eliminate one zero output voltage pulse. Modulation strategies using this
concept are termed discontinuous modulation, and a number of possible alternatives for three
phase inverter system have been reported over the years.[7,8,9]. However, all the schemes
essentially just rearrange the placement of the zero output voltage pulse within each half carrier or

DPWMMAX
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Fig. 6 Existing Discontinuous PWM schemes and associated voltage waveforms

3.2 Proposed Discontinuous PWM Strategies:

Based on the previously discussed methods of DPWM, three novel schemes are suggested.
These are simply extension of the existing methods. The first scheme termed as DPWM4 divides
the complete space vector plane in four quadrants. The zero time ty (0 0 0) is kept zero in the first
and third quadrant. The zero time t; (1 1 1) is kept zero in the second and fourth quadrant. The
resulting waveform of phase leg voltages and common mode voltage is shown in Fig. 7 (b). Fig

7(a) illustrates the placement of zero vectors.

The second proposed scheme keeps to (0 0 0) is zero in first three sectors and t; (1 1 1) is
remained zero for the next three sectors. The resulting waveforms are shown in Fig. 7 (c¢) and 7(d).

This scheme is termed as .DPWMS.

In the third proposed scheme, termed as DPWMG6, the complete space vector is divided into
eight sectors each spanning 45° . The zero vector t, (0 0 0) is kept zero in the first sector [ 0° - 45° ]
and t; (11 1)is kept zero in the next sector [ 45°.- 90°.] and the pattern repeats in the subsequent

sectors. The resulting waveforms are fig. 7(e) & 7 (f).
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Fig. 7 Proposed discontinuous schemes and associated wave forms



4-Performance evaluation of DPWM schemes:

This section investigates the performance of different PWM strategies. At first average leg voltage
for each sector is determined followed by the harmonic performance evaluation. Only first existing
scheme namely DPWMMIN is considered for showing the sample calculation. To determine the
average leg voltage considering Fig. 8 which shows the leg voltage waveform in sector I for one
switching period. The positive and negative dc rail is assumed as + Vdc.

+Vdc A
! <Va‘z> |
| [ [

-Vdc
+Vdch | <VFZ> }

-Vdc

A

+Vdc <Vcz >

PSR B B

-Vdc

<+ Ts/2—»<4—Ts2—>

Fig 8 Pulse pattern for the DPWMMIN in the first sextant, 0<<m /3
The three-phase average leg voltages can now be expressed as

WVap = Ve l(Tl +T,-T,) (13)

Ts

2
Vpp =Vae — (=T, +T, -T,) (14)

Ts

2
Ve = Ve E(—T1 -T,-T,) (15)
However, since

Ts
M+T.-To)= = (16)
The equations becomes
2 2 1
Vap =2V —T,+=T, —— 17
az dC(TslTszz) (17)
Vpp =2V, (3T 1 ) (18)
bz dc Ts 2 >

Ve = - Ve (19)
from Table 2 substituting the values of T1 & T, the three phase leg voltages becomes,
Vap> = Ve {\/gM cos(@—%j—l} 0<0<2mn/3 (20)
Vp> = Ve {\/gM cos[@—%j—l} 0<06<2n/3 (21)
Ve ==V 0<0<7/3 (22)

The result expression for average leg voltage for all six sectors are tabulated in Table 3



Table 3: Average Leg voltages for t; = 0 DPWMMIN

Phase Leg a Phase Leg b Phase Leg ¢
60° Sextant Vap! Ve A Ve Ve
/4 S
n3<0<m -1 -1-\/§Mcos(€—gj -1+\/§Mcos(9+?j
S - i
- jn o ;
2m/3<6<0 _1+ﬁMCOS(9+gj - 1 \/ngme
' V4 Sx
=0 <-2n/3 -1 -l-ﬁMcos(9+€) -1+\/§Mcos(6’+?j

Following the same principle, average leg voltage for other scheme is evaluated and the resulting
expression are tabulating in table 4 — 10.

Table 4: Average Leg voltages for DPWMMAX

60" Sextant Phase Leg a Phase Leg b Phase Leg ¢
(Vaz)/ Vdc (Vbz)/ Vdc (ch)/ Vdc
mM3<O<T %M cosH—\/ngin¢9+1 1 '\EM sin@ +1
n/3< 0 < 27/3 g Mcos(8 + %) +1 1 ~V3Msin6+1
3 .
0<6<m/3 1 % M cos(9+%)+1 _EM cos@-+/3M sin 6 + 1
: 3
/3<0<0 1 V3M s1n¢9+1-5M cos@ ﬁ M sind+1
2
-2n/3<0<- ﬁ M sing+1 ﬁ M sin@ +1
/3 2 3 2
-n< 0 < -21/3 %M cosﬁ+g M sinf +1 gM sind +1 1




Table 5: Average Leg voltages for DPWMO0

Phase Leg a Phase Leg b Phase Leg ¢
Vap/ Ve V! Ve Ve Ve
60" Sextant
3 . 3 3 .0
Zn3<8<= -1 £Msmé’-—M cos6-1 -£Ms1n——l
2 2 3
3 V4 3 .
n/3< 6 < 2n/3 £M(:os(6?+—)+1 1 £ M sin 8 +1
2 6 2
3 V4 3 .
0=6=n/3 £Mcos(HJr—)-l £Msm9—1 -1
2 6 2
-t/3<0<0 1 ﬁ
2

M sinH-%M cos @ +1

3
2

M sin@-%M cos -1

2 6 2
<0 < -2n/3 éM cos0+£ M siné +1 ﬁ M sin@ +1 1
2 2 2
Table 6: Average Leg voltages for DPWM1
60" Sextant Phase Leg a Phase Leg b Phase Leg ¢
Nap/ Ve V! Ve Vep! Ve
Vs hY/4
St/6<0<m 1 -1-J§Mcos(6’+gj —1+J§Mcos(9+?}
T2<0<516 | +1+ /3 Mcos(@—k%) +1 1.3 M sino
Sx
w6 <0<n/2 -1-\/§MCOS(9+?) —1+\/§M sin -1
-m/6< 6 < /6 +1 +1-\/§Mcos[0+%j +1+\/§Mcos(0+%j
V4
-m/2< 0 < -/6 _1+\/§Mcos(6’+gj -1 J1-+3 Msine
hY/4
Su/6<0<-72 | +1- ﬁ Mcos(0+?) 4 +ﬁ M sin +1
1< 6 <-5n/6 -1 1-43 Mcos(9+%] S1+44/3 Mcos(9+%)




Table 7: Average Leg voltages for DPWM?2

- Msm¢9+§M cos @ -1

Phase Leg a Phase Leg b Phase Leg ¢
60° Sextant Vap/ Ve Vpp/ Ve e/ Ve
mi<o<n | 3 cos@-ﬁ M sin & +1 ! ﬁ M sin @ +1
2 2 2
/3< 0 < 2m/3 ﬁ M sin(@ -2y -1 ﬁ M sin@—1 -1
2 3 2
0<0<m3 ! V3 M cos(@+%)1 | 2M c0s0- Y3 M sing+1
2 6 2 2
-n/3<0<0 \/_ -1 \/g

Y2 Msin(@+2) -1
2 3

-2n/3<8 <-n/3 ﬁ M sin(9+£)+1 ﬁ M sin@+1 !
2 3 2
s < -2m/3 ! ﬁ M cos(9+—) LY cosﬁ-ﬁ M sin@ +1
2 2 2
Table 8: Average Leg voltages for DPWM3
Phase Leg a Phase Leg b Phase Leg ¢
60" Sextant Vo Ve W/ Ve Vep/ Ve
2n/3<0<m -1 -1-\/§Mcos(6+%) -1+4/3 Mcos(0+5§)
n/3< 0 <27/3 +1++/3 Mcos(¢9+%j +1 _\3 Msin0
Sx
143 Mcos[9+—j . -1
0<0<m3 6 ‘1++/3 M sin 0
-n/3<6<0 +1

- \/g M cos(&ﬁ-%)

+1+4/3 Mcos[0+%)

-2m/3< 0 < -n/3

-1+ \/5 Mcos(9+%]

-1

-1-\/§Msin9

-< 0 <-21/3

+1- \/g M cos(6’+%j

+1+\/§ M sin 0

+1




Table 9: Average Leg voltages for DPWM4

Phase Leg a Phase Leg b Phase Leg ¢
60° Sextant Vap/ Ve V! Ve Ve Ve
2n/3<6<m EM cos&-?Msin0+1 1 -?Msin0+1
n/3< 0 <2n/3 ﬁ M cos(t9+%)+1 1 ﬁ M sind +1
0<0<m3 1 -£M005(6’+£)-1 -EM cos@-ﬁMsinéwl
2 6 2 2
-/3<6<0 +§M cosH-?MsinéHl -1 ﬁMsin(0+%)—l

2n/3<0<-n/3

3

M cos(H—i—%) -1

V3

-— M sinfd -1

-n< 6 < -271/3 -1 ﬁ M cos(t9+£)-1 -EM cos@-ﬁ M sin@ -1
2 6 2
Table 10: Average Leg voltages for DPWM35
Phase Leg a Phase Leg b Phase Leg ¢
60° Sextant Vap/ Ve V! Ve Vep! Ve
2n/3<0<m -1 -EM cose-ﬁMsin¢9+1 -%Msin@—l
n/2<6 < 2m/3 g M sin(9+§)—l ﬁ M sind —1 -1
n/3<0<m/2 ﬁ M cos(9+£)+1 1 ﬁ M sin@ +1
2 6 2
0<0=<n/3 1 -£M005(0+£)+1 -EM cos0-£Msin6+l
2 6 2 2
. V4
-m/3<6<0 éM cos@-?Msinéﬂl -1 \/gMSH’l(e-i-?)—l
T
-/2< 0 < -n/3 NERY COS(0+E) -1 -1 3 Msind-1
2n/3< 0 < -2 NERY Sin(9+§)+1 V3 Msing+1 1
\/g M sinf +1 |

<0 <-27/3

éM cos @+ g M sin@ +1




Table 11: Average Leg voltages for DPWM6

Phase Leg a Phase Leg b Phase Leg ¢
60° Sextant Vap/ Ve Vo Ve Vep/ Ve
Vs b4
3n/4<0<nm -1 -1-\/5 Mcos(&’—gj -1+\/§Mcos(0+?j

2n/3<0<3m/4 %M cos@—~/3M sin @ +1 1 J3M sin 6 +1
n2<0<2n/3 g M cos(0+%)+1 : V3M sin@ +1
\EM 0 S . -1
/4 <0<m?2 -1- cos +? -1+\/§ M sin 6
3 .
0<0<m/4 1 _?Mcos(éwg)ﬂ -EM cos@-\/gl\/l sin@ +1
T
-/ 4<0<0 1443 MCOS(9+€j -1 1-+/3 Msin 0
, 3
-/3< 0 <-m/4 1 \/EM Sln€+1—EMCOSH £M81n0+1
2
-n/2< 0 < -1/3 ﬁMsin(ﬁ+£)+l ﬁ M sinf +1 |
2 3 2
3/4< 0 < -71/2 -1+ \/g MCOS(9+%j -1 1- ﬁ M sin 0

< 0 < -3m/4 M sin@ +1 :

3 3 3
2

“Mcosf@+ — Msinf+1
2 2

The overall harmonic losses for a particular modulation scheme can then be calculated by
integrating the equation over a positive half fundamental cycle. For all modulation schemes, the
phase leg reference voltages are the continuous function, and the integration can be done over one
set of limits. For space vector modulation, the phase leg waveforms are separate sinusoidal
segments in each 60° sextants, for DPWMMIN as listed in Table 3.

Using the result given in [7],

.2 Vdc ZATZ
<A1ab >: -

{(u2 —u,)? + (U, —u,)* + (U, —u,)(u,’ - uf)} (23)

L 48

o

This is the generalized form of the ripple current equation,

Where u1=<vaZ > , U= “Yu 2 ond (U1 — Uyp) Va2
Vdc Vdc Vdc
and Lo,=L;+ ﬂ
Lm+L,

the Lj, L2, and Lm correspond to stator leakage, rotor leakage, and the magnetizing inductances
respectively. The harmonic losses can then be determined by integrating equation over a positive
half fundamental cycle (the above development is valid for <vg> > 0), with appropriate



substitution for u; and u; for each modulation strategy to be evaluated, to determine the squared
harmonic current ripple.

Substituting the values of U; g Uz into equation (23) from the table for DSVPWMs, then
creates separate expression for the squared harmonic ripple current over the positive fundamental
cycle, gives the result that are[7]

Existing Schemes

th=0,t;=0, DPWMO and DPWM?2

2
Vdc) AT2 353 27 8143
lab?, M 6m? — 22 md | 2o 2N Iy 24
% frms M [LG] 48[ 2 8 64 x 4)
DPWM 1
2
vdc ) AT2 45 443 27 273
lan?, M 6om’ —| —+——m’ +| —+—-—|m* 25
Woms M (LG] 48 2 8 32 x =
DPWM 3
2
vdc ) AT? 45 3143 27 2743
lab?, M 6m? —| = — 22 I 4| L4 2222 g 26
% ofrms M [LG] 48 2 ;zJ 8 16 « (26)
Proposed Schemes
DPWM 4
2 2
o wt = (VOO AT 3, 3o, (633 845633 ) o [ 81 729¥3)
L ) 48 4 32 16 64z 512
(27)
DPWM 5
2 2
i ome = [VOC| AT ([ 207 J164743) o (22743 45) s (9 93
L, ) 48 ||1287 1024 116 4 2r 8
(28)
DPWM 6
Iab21h rms M4 =
s i+(—30\/§+12\/€+18\/§)m+ 2+£—M m?
(VdCJ AT? | 37 8 16rx 4
L, ) 48 N 38742 +35746 277943 +1017 . 639n+243_1413ﬁ »
32 64 256 128 1024
(29)
Or in more general terms as
2
Vdec ) AT?
Iabzyh,rms M4 = (L_j 48 f(m) (30)

Where the function f(m) is the Harmonic distortion factor (HDF). HDF is commonly used as a
figure of merit for PWM strategies that are independent of switching frequency, DC bus voltage,
and load inductances. It only depends on the modulation index [6].The HDF for existing schemes
are evaluated and are shown in Fig 9.
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Fig. 9 Harmonic distortion factor (HDF) for different PWM strategies
as a function of modulation index (m), for pure inductive load

The superior performance of DPWM3 is seen from Fig. 9 for high modulation index
among the existing scheme and DPWMI can be considered worst for high modulation index. The
zero vector i.e. to& t; can be kept zero only up to one sector, more than one sector may cause
increase in switching losses as can be seen in DPWMS, in which the zero vector ty = 0 for first
three sectors. The analysis of ripple current and plot with modulation index, results the ripples in
output current increased.

Two more performance indices for comparison purpose are considered namely THD and
WTHD in this paper. The method of comparing the effectiveness of modulation is by comparing
the unwanted components i.e. the distortion in the output voltage or current waveform, relative to
that of an ideal sine wave, it can be assumed that by proper control, the positive and negative
portions of the output are symmetrical (no DC or even harmonics). The total harmonics distortion
factor reduces to,

(31

Normalizing this expression with respect to the quantity (V1) i.e. fundamental, the weighted total
harmonic distortion (WTHD) becomes defined as

0 Vn 2
2 m

WTHD = T (32)
Vl



The simulation is carried out to obtain THD and WTHD for different modulation index. The obtain
results are given in Table 11a for the existing schemes and Table 11b for the proposed schemes. In
simulation the switching period is taken as 0.2ms, and the inverter output frequency is designed as

50 Hz.
Table 12(a) - THD and WTHD of the existing schemes
Mod. ty=0 t;=0 DPWMO0 DPWMI1 DPWM2 DPWM3
index | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD
0.1 297 221 2.14 | 1.78 3.58 | 1.65 3.54 | 1.51 3.51 [ 1.70 3.74 | 1.62
0.2 1.86 | 1.08 1.03 1 0.74 2.54 | 1.15 2.69 10.96 2.52 11.20 2.14 11.07
0.3 1.05 | 0.62 0.63 |0.44 2.54 | 1.15 2.69 | 0.96 1.87 1 0.84 1.78 | 0.88
0.4 092 10.53 0.64 10.43 1.62 1 0.76 1.40 ] 0.53 1.63 10.77 1.78 10.88
0.5 0.67 |0.45 0.34 |0.36 1.31 | 0.53 1.16 | 0.48 1.28 | 0.54 1.14 | 0.50
0.6 0.56 |0.42 0.32 [ 0.36 1.11 | 0.46 0.97 |0.46 1.08 |0.45 0.88 |0.34
0.7 0.53 10.23 0.28 |0.16 0.96 |0.41 0.76 |0.32 0.93 10.40 0.76 |0.28
0.8 0.48 |0.28 0.35 1 0.19 0.78 |0.34 0.52 [ 0.27 0.76 [0.34 0.65 |0.28
0.9 0.48 ]0.28 0.23 10.13 0.78 10.34 0.47 10.23 0.61 |0.30 0.48 0.22
0.907 1 0.39 | 0.22 0.21 | 0.09 0.45 | 0.22 0.26 | 0.14 0.42 |0.19 042 |0.22
Table 12(b) - THD and WTHD of the proposed schemes
Mod. DPWM4 DPWMS5 DPWM6
index | THD | WTHD | THD | WTHD | THD | WTHD
0.1 3.21 [2.01 3.81 [2.26 4.02 |2.12
0.2 247 11.21 241 | 1.21 2.59 11.09
0.3 1.56 | 0.81 1.87 10.94 2.51 10.84
0.4 1.57 10.76 1.42 10.79 1.67 |0.80
0.5 1.11 | 0.54 1.31 |0.58 1.50 | 0.61
0.6 0.91 | 0.47 1.11 |0.44 1.23 | 0.55
0.7 0.84 10.35 0.90 10.33 0.98 |0.37
0.8 0.76 |10.34 0.68 | 0.42 0.74 1 0.42
0.9 0.57 10.27 0.68 |0.42 0.60 |0.27
0.90710.37 | 0.21 0.46 | 0.25 0.45 |0.20
THD Vs Modulation Index
M to thd
4.5
Ot7 thd , ,
0 dpwmo thd Fig.100 Total = harmonic
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Odpwm4 thd
B dpwmb5 thd
B dpwm6 thd

dpwm6 thd
dpwmb5 thd

dpwm4 thd
dpwm3 thd
dpwm?2 thd
dpwm1 thd

distortion (THD) for different
modulation strategies as a
function of modulation index
(m) shows that THD
decreases as the modulation
index increases



The graphical representation of THD and WTHD is shown in Fig.10 for a quick comparison.
Further, two more figures are generated at lowest and highest modulation index Figl1 and Fig 12.
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Fig 11 Comparison of THD & WTHD of different DSVPWM
Schemes (at modulation index = 0.1)

0.5

OTHD
BWTHD ] ]

o
IS
o

o
=~

e
w
a

o
w

o% of Fu néj amental
& 8 B

o
s

o
=)
o

t0=0 t7=0 DPWMO DPWM1 DPWM2 DPWM3 DPWM4 DPWMS5 DPWM6

Fig 12 Comparison of THD & WTHD of different DSVPWM
Schemes (at modulation index = 0.907)

At first the existing schemes are compared and it can be seen that THD and WTHD of the scheme
t7=0 is best than all other scheme, the schemes DPWM2 and DPWM3 give similar performance
and the scheme DPWMO is worst. In the proposed schemes DPWM4 is best and DPWMG6 is worst.

To DSVPWM, using only one certain zero vector in the whole fundamental period will
lead to the unbalance of switching frequency in the upper and lower arm, which would shorten the
operation life of the inverter. However, two zero vectors are used in turns would not cause this
problem. Furthermore, the THD decreases as the modulation increases, and the change is reversed
when it comes to the continuous space vector PWM, this indicates that DSVPWM is more suitable
to operate under the high modulation index.



Table 13(a) - THD and WTHD of the existing schemes at unity power factor

dpwm1 thd

dpwmO thd
t7 thd
to thd

B dpwm3 thd
O dpwm4 thd
B dpwmb5 thd
B dpwmé6 thd

dpwmé6 thd

dpwmb5 thd
dpwm4 thd
dpwm3 thd
dpwm2 thd

Mod. ty=10 t;=0 DPWMO( DPWM1 DPWM?2 DPWM3
index | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD
0.1 297 | 221 |214] 178 | 358 | 1.65 |354 | 151 |3.51 1.70 | 3.74 | 1.62
02 [ 18| 1.08 |1.03 ] 074 254 | 1.15 1269 | 096 |252 | 120 [2.14] 1.07
03 [ 1.05] 062 | 063 | 044 |254 | 1.15 1269 096 | 187 | 084 | 178 0.88
04 092 ] 053 |0.64| 043 1.62 | 0.76 | 1.40 | 0.53 1.63 | 0.77 | 1.78 | 0.88
0.5 067 | 045 034 | 036 | 131 | 0.53 1.16 | 048 | 128 | 054 | 1.14 | 0.50
06 056 042 032 ] 036 | 1.11 | 046 | 097 | 046 | 1.08 | 045 | 088 | 0.34
0.7 053] 023 028 ] 016 09 | 041 1076 | 032 093 | 040 ]0.76 | 0.28
0.8 [048 | 028 |035] 0.19 078 | 034 1052 | 027 1076 | 034 065 | 0.28
09 [048 | 028 023 ] 0.13 1078 | 034 1047 | 023 061 | 030 |[048 | 0.22
1.0 039 | 022 021 ] 009 045 | 022 026 | 0.14 042 | 0.19 [ 042 | 0.22
Table 13(b) - THD and WTHD of the proposed schemes at unity power factor

Mod. DPWM4 DPWM5 DPWM6
index | THD | WTHD | THD | WTHD | THD | WTHD
0.1 321 ] 201 [381 ] 226 |4.02| 2.12
02 | 247 | 121 | 241 1.21 259 | 1.09
03 | 1.56 | 0.81 1.87 | 094 |251 | 0.84
04 | 157 ] 076 | 142 ] 0.79 | 1.67 | 0.80
05 | 1.11 | 054 | 131 ] 058 | 1.50 | 0.6l
06 1091 | 047 | 1.11 | 044 | 123 | 0.55
0.7 1084 | 035 1090 | 033 |]098 | 0.37
0.8 1076 | 034 1068 | 042 ]0.74 | 0.42
09 1057 ] 027 [0.68] 042 | 0.60 | 0.27
1.0 ] 037 | 021 | 046 | 025 | 045 | 0.20
THD Vs Modulation Index
[ to thd
Ot7 thd
OdpwmO thd
B dpwml thd
mdpwmz2thd| Fi1g.13  Total harmonic distortion
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Table 14(a) - THD and WTHD of the existing schemes at 30 deg. lagging power factor

Mod. ty=0 t7=10 DPWMO0 DPWM1 DPWM2 DPWM3

index | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD
0.1 1094 | 1.03 | 0.95 1.02 1071 ] 051 067 | 046 |0.75| 055 1075 | 048
02 1041 | 042 1042 | 042 | 046 | 034 | 040 | 026 047 | 038 ]1046 | 0.36
03 1026 | 023 027 ] 023 1031 | 024 1026 019 1032 | 026 [035] 0.26
04 1022] 019 1023 019 029 023 022 ] 0.15 030 | 024 ]1035]| 0.27
05 (017] 020 |0.19] 022 1021 | 016 ]0.19| 0.15 1020 | 0.16 ] 020 | 0.15
0.6 1016 | 0.19 10.18| 022 |0.18| 0.14 020 ] 0.17 ]0.17 | 0.14 ]10.14 | 0.10
07 {010| 007 |0.10] 008 ]0.16 | 0.2 ]0.13| 0.09 016 | 0.12 [0.12 | 0.07
08 (011 | 0.10 J0O.12] 009 |0.13 ] 0.10 ]10.13 | 0.09 ]0.13 | 0.10 ] 0.13 ] 0.08
09 1011 ] 011 1009 007 012 | 0.10 fO.I1 | 008 |0.11 | 0.09 ]0.11 | 0.07
1.0 ] 0.06 | 006 | 0.09 ] 008 |]0.09| 0.09 |006 | 0.06 |0.10 ]| 0.08 [ 0.08 | 0.06

Table 14(b) - THD and WTHD of the proposed schemes at 30 deg. lagging power factor

Mod. DPWM4 DPWMS5 DPWM6
index | THD | WTHD | THD | WTHD | THD | WTHD

0.1 1097 | 077 1088 ] 091 ]0.87 | 0.73

02 ] 047 | 038 | 043 | 041 |047 | 0.31

03 ] 034 | 028 |035] 037 1035 | 0.24

04 | 028 | 024 |]029| 031 | 031 ] 0.28

0.5 10231 0.18 | 022 ] 0.18 1024 | 0.20

0.6 ] 019 | 0.16 | 0.18 | 0.13 | 0.21 | 0.22

0.7 ] 0.13 0.09 1013 ] 0.09 |0.15] 0.11

0.8 | 0.13 0.10 1 0.15| 0.17 | 0.15| 0.16

09 | 010 | 0.08 |0.12 ] 0.12 | 0.11 | 0.08

1.0 | 0.10 | 0.08 | 0.07 | 0.05 ] 0.09 | 0.09
W0 =0 THD Fig.14 Total harmonic
0Ot7=0 THD distortion (THD) for
O DPWMO THD different modulation
B DPWM1 THD strateg1e§ as a function of

modulation index (m) shows

B DPWM2 THD that THD decreases as the
B DPWM3 THD modulation index increases
O DPWM4 THD
B DPWMS5 THD
B DPWM6 THD

DPWMO THD
t7=0THD
t0=0THD




Table 15(a) - THD and WTHD of the existing schemes at 60 deg. lagging power factor

Mod. to=0 t7=0 DPWMO DPWM1 DPWM?2 DPWM3

index | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD
0.1 062 | 070 063 | 071 1043 | 033 040 | 030 [045] 035 | 045 | 0.30
02 1026 | 028 1027 ] 028 028 | 022 1024 | 0.17 1029 | 024 1028 | 0.23
03 (017 | 0.15 017 ] 0.15 ]10.19| 0.6 016 | 013 [0.19 ] 0.17 | 021 | 0.17
04 1014 | 0.2 1014 ] 0.3 J0.18) 0.15 J0.13 | 0.10 |0.18 | 0.16 | 022 | 0.17
05 (011} 013 1013 ] 0.15 J0.12 | 0.10 JO0.11 | 0.10 f0.12 ] 0.10 | 0.12 | 0.10
06 011 | 013 1013 ] 015 011 010 J0.13 | 0.I1 | O.11 | 0.09 |0.08 | 0.06
0.7 1006 | 005 10.07] 005 |]0.10| 0.08 008 | 0.07 [0.09] 0.08 |0.07] 0.04
08 [0.07] 007 10.07] 005 |]0.08 | 007 008 | 0.07 [|008 | 0.06 |O0.08] 0.05
09 1007] 008 1005 004 J007| 007 1007 ] 005 ]0.07 ] 0.06 |0.07] 0.05

0.90710.04 | 0.04 ] 005 0.05 J0.07] 007 | 0.04] 004 | 0.06| 0.05 | 0.05| 0.04

Table 15(b) - THD and WTHD of the proposed schemes at 60 deg. lagging power factor

Mod. DPWM4 DPWMS5 DPWM6
index | THD | WTHD | THD | WTHD | THD | WTHD
0.1 061 | 049 | 056 | 061 052 | 047
02 1029 ] 024 1027 | 027 1029 | 0.19
03 [ 021 ] 0.18 0.23 025 1021 | 0.15
04 1017 ] 0.15 10.198| 021 ] 0.19 | 0.18
05 1013 ] 0.12 ] 0.13 0.12 10.14 | 0.13
0.6 [012] 0.11 0.11 0.09 10.14 | 0.15
0.7 10.08 ] 0.06 | 0.08 0.06 ]10.09 | 0.07
0.8 1008 | 007 | 010 | 0.11 ]0.10 | 0.10
0.9 10.06 | 0.06 | 0.08 0.08 10.07 | 0.06
0.907 ] 0.06 | 0.05 0.04 0.04 | 0.06 | 0.06
mt0=0 THD
Ot7=0 THD
ODPWMO THD
B DPWMI1 THD
ODPWM2 THD

B DPWM3 THD
ODPWM4 THD
B DPWMS5 THD
B DPWM6 THD
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Table 16(a) - THD and WTHD of the existing schemes at 90 deg. lagging power factor

Mod. to=0 t7=0 DPWMO DPWM1 DPWM?2 DPWM3

index | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD | THD | WTHD

0.1 053] 052 057 ] 052 1037 | 028 035 026 [040 ] 031 ] 039 ]| 0.26

02 1027] 021 1023 ] 014 1024 | 019 1021 | 0.14 025 ] 021 ]1025] 0.20

03 026 | 027 |022] 020 |0.17 | 013 |0.14| 0.1 |J0.17 ] 0.15 |0.19 | 0.15

04 1023 ] 025 10.19] 0.9 1015 0.13 | 0.11 0.08 1016 | 0.14 ]10.19 ] 0.15

05 (010] 0.12 1011 ] 0.13 J0.11 | 0.09 |0.10| 0.08 [0.11 ] 0.09 |O0.11 | 0.09

0.6 1012 | 0.14 10.15] 0.17 10.09 | 0.08 |O0.11 0.10 1 0.09 | 0.08 ]0.07] 0.05

07 10.07] 008 10.08] 008 |0.08 | 0.07 007 0.05 [0.08] 0.07 |0.06 | 0.04

08 (011 | 0.13 013 ] 0.14 ]0.07 | 0.06 |007 | 0.06 [0.07] 0.05 |0.07 | 0.04

09 1014 | 0.17 1011 ] 0.13 006 | 006 ] 006 | 004 |0.06 ]| 0.05 ]0.06 | 0.04

0.90710.04 | 0.04 | 0.06 | 0.07 | 0.05] 005 |0.03] 004 |]0.05 | 0.04 | 0.04 | 0.03

Table 16(b) - THD and WTHD of the proposed schemes at 90 deg. lagging power factor

Mod. DPWM4 DPWMS5 DPWM6

index | THD | WTHD | THD | WTHD | THD | WTHD
0.1 1054 | 043 | 050 | 054 1045 | 042
02 1025] 021 1023 | 024 025 | 0.17
03 018 ] 0.16 020 ] 022 ]0.19 | 0.13
04 1015] 0.13 016 | 0.19 |0.17 | 0.16
05 1011 ] 0.10 012 0.10 | 0.13 | 0.12
06 011 | 009 |0.10] 0.07 ]0.12 | 0.13
0.7 10.07] 0.05 10.07| 0.05 |0.08 | 0.06
0.8 10.07] 006 |]0.09| 0.10 |0.09 ] 0.19
09 10.05] 0.05 10.07| 0.07 |[0.06 | 0.04

0.9071 0.05 | 0.05 ]0.04 | 0.03 | 0.05] 0.06

W0 =0 THD
0Ot7=0 THD

O DPWMO THD Fig.16 Total harmonic distortion

(THD) for different modulation

® DPWM1 THD strategies as a function of modulation
BDPWM2THD | index (m) shows that THD decreases
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(6)Conclusions

By arranging the two zero vectors skillfully space vector method named DSVPWM for
three phase inverter is analyzed in this paper. Under the same situation, allows the switching
frequency to increase by a nominal value of 3/2 accordingly for the same inverter losses. The
switching losses of DSVPWM are one fifth less than continuous space vector, and if the parameter
of load matches the PWM pattern, the switching loss will reduce further. There are six different
DPWM are available in the literature .A comprehensive analysis of these existing DPWM is done
and reported in the paper. Analytical and simulation results are incorporated. Three novel schemes
are suggested by skillfully placing the zero vectors. Simulation studies are done to evaluate the
performance of the proposed methods.

Any sector can be divided in equal parts e.g. DPWM2 & DPWM3 will not cause increase
in switching losses, but if the distribution is unequal as in the case of DPWM4 & DPWM6 will
cause increase in losses. By analysis of all the schemes we find that, the sector must be divided in
equal parts may be 2,4,6,..., but not in unequal parts, which increase the switching losses. The
maximum range of keeping the zero vectors zero is only one sector and if we keep it zero more
than one sector in continuation, the losses will suddenly increase.

For pure inductive load the best existing scheme is seen as DPWMMIN and worst is
DPWMI1. Among the proposed schemes DPWM4 is providing lower THD and WTHD. However
the proposed scheme DPWM4 is better than existing schemes DPWMMAX, DPWMO0, DPWM2
and DPWM3. The performance of modulators for different loading conditions can be done.
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