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Realization of a Carrier-based Discontinuous SVPWM Technique
for Two-Phase Four-Leg Voltage Source Inverter

Abstract. This paper presents the carrier based discontinuous space vector pulse width modulation (DSVPWM) for two-phase four-leg voltage
source inverters (VSI) fed resistive and inductive loads. This proposed technique is focused on the switching losses and output current ripple
reduction in each phase-leg of inverter which does not depends on the lagging and leading power factor load. In addition, the carrier based
DSVPWM is modified from conventional two-phase four-leg VSI by replacing the zero space vector in each switching sequence. This proposed
discontinuous modulation strategy has 180 degrees for unmodulated region. Experimental results provide the performance comparison between the
discontinuous SVPWM (DSVPWM) and the traditional continuous SVPWM (CSVPWM) techniques to confirm the reduction of switching losses and
output current ripple at high modulation index. The experimental results show that total average values of normalized switching losses of the
DSVPWM and the CSVPWM are 7.908 and 11.174, respectively in which the proposed DSVPWM can reduce the switching losses from the
conventional CSVPWM up to 29 percent.

Streszczenie. W artykkule opisano nieciggfa technike modulacji szeroko$ci impulsu DSVPWM zastosowang w dwufazowych czterogateznym
przeksztattniku VS| obcigzonym indukcyjno$cig i rezystancjg. Projekt zakiadat ograniczeniu strat przetgczania i zafalowania pradu.
Eksperymentalnie poréwnano zaprojektowany ukfad z tradycyjnym uktadem ciggtym. Nieciggta technika modulacji szerokosci impulsu
DSVPWM zastosowana w dwufazowych czterogateznym przeksztaitniku VSI

do Przegladu Elektrotechnicznego - polski tytut na koncu streszczenia - Polish tittle at the end).

Keywords: Two-phase four-leg inverter, Switching losses, Ripple current, Discontinuous space vector pulse width modulation.
Stowa kluczowe: przeksztattnik dwufazowy, nieciggta modulacja szerokosci impulsu DSVPWM.

= |ntroduction Table 1. Switching state and corresponding active space vector
An increase of performance of the three-leg voltage — -
source inverter can be enhanced by reducing the switching Space vector Switching | Space vector | Location
losses and output ripple current when the discontinuous state magnitude (V)| (Degrees)
space vector pulse width modulation (DSVPWM) technique 37\/0 0000 | 0011 0 Origin
for high modulation index has been performed [1-3]. Many — 5
types of DSVPWM techniques such as DPWMMIN, sV, 1000 | 1011 Vge 0
DPWMMAX, DPWM 0, DPWM 1 and DPWM 2 of three- — 1010 459
phase voltage source inverters (VSIs) depend on types of SV — ‘E(zvdc)
power factor load. For example, DPWM 0 is suitable for a sV, 0010 | 1110 Wy, 90°
leading power factor load and DPWM 2 is fit for a lagging —
power factor load [4]. In addition, three-leg voltage source SV, 0110 - \/E(ZVdC) 135°
inverters can be applied to two-phase induction motor of — 0
both of the asymmetrical and symmetrical parameter types SVs 0100 | 0111 Ve 180
for industrial application [5]. Especially, the two-phase four- v _ 0
leg voltage source inverter fed two-phase motors drive has Vs olol ﬁ(zde) 225
an advantage of a lower DC bus voltage requirement 57\/7 0001 | 1101 Ny 270°
compared to the DC bus voltage of two-leg and three-leg — 5
VS| at the same output voltage of inverter [6]. On the other SVg 001 | — | V2(2vg) 315
hand, a disadvantage of four-leg VSI is more number of o~ .
switching devices than two and three-leg VSI. Therefore, to S\ HIL | 1100 0 Origin

reduce the switching losses in switching devices in each
leg, the modulating function of DSVPWM technique for two-
phase four-leg inverter fed balanced R-L load is proposed
in this study. The experimental results of a decrease of .
switching losses and output current ripples for the proposed ~ Inverter (VSI) connected to the balanced R-L loads shows

DSVPWM modulation are compared with the conventional in Fig.1. )
CSVPWM. The terminal voltages, V,,, Vy, .V, and vy, are phase

+| Va:

= Two-phase four-leg SVPWM technique
A main circuit of the two-phase four-leg voltage source

voltages and the line terminal voltages,Vv,, andVv  are

connected to the balanced R-L loads. The main power
circuit has 8 switching devices and 16 switching states
which consist of 12 active voltage vectors and 4 null
vectors as shown in Table 1. For switching states in Table
1, there are eight possible voltage vectors

(S_\/I,SVZ,...,S_VS) and two null vectors(S_Vo(OOOO)) and

oy

(W(llll)). In the switching states, upper and lower

switches assigned with “1” or “0” mean to turn-on and turn-
Fig. 1. A proposed two-phase four-leg voltage source inverter
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off, respectively. Four active vectors (S_Vl,S_V3,S_V5,S_V7)

have the length active vectors

(S_Vz, SV4SV6,S_V8) have the length of v/2(2Vy, ) , unlike the

SVPWM analysis of three-phase VSI which has the same
magnitude active voltage vector of each sector [3]. Fig. 2
shows the arbitrary output voltage and the location of active
space vectors in a d-q plane which is divided into 8 sectors
with 45 degrees. Due to the similar principle to the
conventional two-phase four-leg SVPWM [7], mathematical
calculation of switching times for the two-phase four-leg
SVPWM method can be dealt with in the same manner as

of 2Vy.and  four

for the conventional one. The desired output voltage VO* in
vector form which is a rotating vector can be calculated in
terms of the average of a number of these space vectors
within a switching period in each sector as follows

Tu
AT /2

U, +—v2

1 V) =V, /0=
(1) 0o =Vo AT /2

(2) where %:Tu1+Tu2+Tsvo+Tsv9

LT1 and U_2 are two basic adjacent vectors; 6 is sampled
angular position; Tu1aTU2 are active times for the two basic

adjacent vectors; Tgy, Tgyg are times for null vectors; and

AT is a carrier period. Generally, for a symmetrical space
vector pattern, space vector time for each zero switching

state (Tgyq, Tsyo ) is set to be equal.

ot '3

U, U,

V\T SV{OOIOI V

S7:(0110) 574(1010)
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Fig. 2. Location of active space vectors in d-q plane and arbitrary
output voltage.

From Eq. (1), an example of the relationship between
the space vector active times at different angles between 0
and 180 degrees divided into the equal four sectors (sector
1 to sector 4) can be determined by the equations in Table
2. These equations can be used for deriving the phase-leg
reference voltage waveforms for CSVPWM. An example for
calculating and drawing the phase-leg reference voltage of
sector 1 for angles between 0 and 45 degrees are started
from the equation below

(3) TSV‘ s1n ( i 6’]

ATy 2

T
N - Msin o
2

(4)
2

As illustrated in Fig. 2, the maximum possible
magnitude of the output voltage vector is2V,,and the
Locus voltage is a circular path; therefore, the output
voltage vector, VO* can be expressed by

6 V= —=2(sv)

0 A'V

Substituting Eq. (3) and SV, =2V, into Eq. (5) and
when @ = 0 degree, the magnitude of output voltage can be
given by

(6) VO* =MV, (Peak voltage)
where M is the modulation index in range of 0< M <2,
Then, the phase-leg reference voltage or equivalent

voltage in average values for four phase-leg reference
voltage with respect to the midpoint of DC bus voltage over

the time interval AT /2 of sector 1 can be written as
) \% - %{sin(%— ej +%sin 9}

®) %:%{sin(%—@j+%sin9}

) \%:%{%sme—m(%—aﬂ

(10) Yo _

W _J'\; {sm( ; ej +%sin6’}

Table 2. Switching times

Sectors Ang.u.lar Switching times
position
Ty, M
s M (/g
. AT/2 2 sin(74~0)
Sector 1} 0° <@ <45
T?V
o R s = sz g
AT /2 ( )
Ty M
2 = anl -8
AT/2 2 Sm(é )
Sector 2 | 45° < 4 <90°

Ty .
AT 12 :%m(g"%)
Arw;z EN-h sin{37/4-0)
ATW;Z :7S’n(9 %)

T,
__ﬂ’i_:{‘i{sin(ﬁ_g)
AT /2

ﬁ%m——;sm(ﬂ 3’7)

Sector 3 }90° <@ <135°

Sector 4 [135° <#<180°
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Fig. 3. Phase-leg reference voltage waveforms for CSVPWM

As described before, the phase-leg reference voltage of
8 sectors can also be calculated and the phase-leg
reference voltage waveforms as the function of angle for 0

ok

to 360 degrees can be drawn as shown in Fig. 3, where V,,
ek ek ek

Vo » Vo @nd Vg, are fundamental of phase-leg reference

* * * *
voltage, and V,,, Vo,V and Vg, are phase-leg reference
voltage. These phase-leg reference voltage are compared

with the carrier waveform to generate the gate driver
signals.

= Proposed DSVPWM

The principle of carrier based CSVPWM for the two-
phase four-leg VSI discussed earlier can be modified as
discontinuous pulse or discontinuous modulation. A main
purpose of using the DSVPWM is to reduce the switching
losses and output current ripple at high modulation index.
This DSVPWM is carried out by alternating the null voltage

vectors Wo andSVo. In this paper, the modulating
function is calculated using only null voltage vector SV as
shown in Fig. 4. According to Fig. 4 which presents the

pulse pattern and phase-leg reference voltage for the
sector 1 only, an example of calculating the phase-leg

reference voltages, V., in average values over the time

interval AT /2 of sector 1 can be determined by

T T, T,
11 v ZV SV1+ Sv2 _ _'svo
(i 2 “{AT/z AT/2 AT)2

where Tg,o, Tqy; ., and Tgy, are the switching time
sequencing in a half period of switching for sector 1 and

AT
Tsvo ZT—Tsw —Tsyz-

After substituting the Tg,, into Eq. (11) gives

T, T, 1
12 v, =2V, | ML SV2 _
(12) a dcLT/Z AT/2 2

The other three reference phase-leg voltages can also
be calculated as described before and then gives

(13) Vio = Ve

T, 1]
( ) co dc|:A-|-/2 2_

(15) Vo = _Vdc

V | Va()
0T T 1]0

t

-V 3 L
de i
i th
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Fig. 4. Pulse pattern and phase-leg reference voltage for the sector
1

To calculate the phase-leg reference voltage as a
function of 8 and M for DSVPWM by substituting both of
Egs. (3) and (4) into Eq. (12) and Eq. (14) based on the
midpoint of the DC bus voltage, for sector 1 only, the
Vao/Vgc @nd the Vv, /V4. can be derived whereas the

Vo /Vge and the vy, /Vy. are constant as expressed below
\" . .
(16) 220 _ oM 51n(£—0j+Ms1n0—l
dc 4
v
(17 o=
v .
(18) —£0 = Msinf-1

(19) %=1

After calculating like the approach described before, the
four phase-leg reference voltage of DSVPMW for all 8
sectors can be plotted as demonstrated in Fig. 5.
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Fig. 5. Phase-leg reference voltage waveforms for proposed
DSVPWM

= Switching loss analysis

The switching losses and output current ripple of both
CSVPWM and DSVPWM are compared while the
conduction losses is neglected because the conduction
losses of both methods are insignificant in term of the
modulation index and the switching frequency variation [8].
Fig. 6(a) shows one-leg voltage source inverter circuit. Fig.
6(b) shows the gate driver signal, the voltage across
terminals of switching device, the current flowing through
switching device S1 and the average power switching
losses for switching device S1.

Ve z 5, Gate signal
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Fig. 6. Switching loss characteristics (a) one-leg inverter power
circuit (b) Linearized switching characteristics (b-1) gate driver
signal (b-2) voltage cross switching and load current flowing
through switching device S; (b-3) average switching power loss.

The switching power loss during turn-on and turn-off
time process is previously proposed [9]. Total average
switching loss in a switch period can be expressed as

(20) Psw,loss = I:)on,avg + Pyt ,avg
V
(21) Pawloss = fsulsw (ton + ot )%

The power switching loss, Pswmssdepends on the
switching frequency, fg, and the load current, I, . The
switching frequency of the proposed DSVPWM method is
1.5 times of the CSVPWM method; therefore, values of the
switching frequency of the CSVPWM and the proposed
DSVPWM method are 2kHz and 3kHz, respectively. For

the normalized switching loss analysis, the normalized
switching loss waveform for CSVPWM is similar to the

absolute load current|lsw|while the normalized switching

loss for the DSVPWM method is 1.5 times of |ISW| and

zero at the clamping zone resulting in a reduction in
switching losses.

= Experimental results

Figs. 7 and 8 show the proposed system and the
experimental setup consisting of a single rectifier providing
300Vpc, a four-leg VSI, and the balanced two-phase R-L
loads. Each R-L load has resistance of 59 Q) and 50mH.

i

™ 4-leg VSI 1
Rectifier = —>
a
kit
AES b ;
Y 5
@_ N i . —
AC . Tl ==
AC source \T W
d
D@ a4 . :> Gate driver
= - circuits
Host PC F28335 eZdsp

Fig. 7. A proposed two-phase four-leg VSI system

Fig. 8. Exerimental setup for two-phase four-leg VSI system

The modulated signals for driving all IGBTs are
generated by the TMS320F28335 DSP board with
MATLAB/Simulink. An algorithm of MATLAB/Simulink for
the proposed DSVPWM is shown in Fig. 9; the fundamental
frequency of output voltage and a sampling time are
defined as 50Hz and 100 us by Ramp generation block

set, and the maximum modulation index is set at 2. The
PWM signals are established by ePWM1- ePWM4 modules
at the switching frequency of 2kHz for CSVPWM and of
3kHz for DSVPWM. For DAC converters, ePWM5 and
ePWM6 are applied as DACs by applying PWM signals
through low pass filters to be displayed by a digital
oscilloscope..
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Fig. 11. Proposed DSVPWM (a) phase-leg reference voltage of
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Fig. 12. Qutput voltage V,, and V. , output current i, and i, of
CSVPWM.

The test conditions are to compare the switching losses
and the output load current ripple, i, andi , of the proposed

DSVPWM and the conventional CSVPWM when the
modulation index of both methods is fixed at 2. Fig. 10
shows the modulation waveforms of the conventional

CSVPWM at which the phase-leg reference voltage of V;O,

Vi, and the output phase voltages of v, , Vv, are presented

Fig. 11 illustrates the modulation waveforms of the
proposed DSVPWM and it is noted that the output pulse

waveforms of each phase voltage ofv,,,V, V., andvy,

does not switch at clamping zone owing to an unmodulated
time. This clamping time leads to decrease the switching

losses. Figs. 12 and 13 show the output voltages of V_,
andV_, and the output current waveforms, i1 and i2 with

the phase difference of 90 degrees for the conventional
CSVPWM and the proposed DSVPWM, respectively.

NP rsSVy e\
VAR VARS

N

Fig. 13. Output voltage V., and V., , output current i, and i, of
DSVPWM.

To compare the switching losses, Figs. 14 and 15
represent an analysis of normalized switching losses of the
CSVPWM and the proposed DSVPWM, respectively. The
voltages and currents are measured for mathematically
calculating using MATLAB/Simulink. Fig. 14 demonstrates
the normalized switching losses of the CSVPWM in each
phase-leg derived by Eq. (21) when the carrier frequency of

CSVPWM is 2 kHz, and absolute load current |i1|is

representative of the normalized switching losses in
switching devices, S1 and S2. The average values of
normalized switching losses for CSVPWM of phase-leg a,
b, ¢ and d are 2.822, 2.822, 2.735 and 2.735 as shown in
Figs. 4 (a) — (d), respectively. Fig. 15 illustrates the
normalized switching losses of the proposed DSVPWM in
each phase-leg calculated by Eq. (21) when the carrier
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frequency of DSVPWM is fixed at 3 kHz, and 1.5times of
absolute load current [i)|is representative of the normalized

switching losses in switching devices, S1 and S2. The
average values of normalized switching losses for
DSVPWM of phase-leg a, b, ¢ and d are 1.994, 1.904,
2.018 and 1.992 as shown in Fig. 15 (a) — (d), respectively.
Table 2 summarizes the average values of the switching
losses of CSVPWM and DSVPWM. A summation of
switching losses of four legs of the DSVPWM method is
minimum.

200 200
v v
ao, I:on
-200 200
o 0.004 0.008 2z 0.016 0.02 [] 0.004 0.008 amz 0016 002
10 * 10 &
/ Vao Vi
o o
i”

0004 oo omz w0t
& | 1'] ‘ Normalized SW. Loss
sl

[} 0.004 0008 0oz 0.016

BT Normalized SW, Loss
& i'l

Table 3 Normalized switching losses

Method Lega Leg b Legc Legd Total
CSVPWM | 2.822 2.822 2.735 2.735 |[11.174
DSVPWM | 1.994 1.904 2.018 1.992 7.908
Reducing | 29.34% [34.93% | 26.20% | 27.16% [29.22%

To compare the output current ripple analysis, the load
current ripple waveforms of i, and i,for the CSVPWM

method and the proposed DSVPWM method are shown in
Fig. 16(a) and Fig. 16(b), respectively. The proposed ripple
currents are not included the fundamental component using
MATLAB/Simulink. The results show that the proposed
DSVPWM is lower output current ripple than the
conventional CSVPWM. Table 3 shows a comparison of
the mean square values of load currents for CSVPWM and
DSVPWM methods. It can be concluded that the mean
square values of load currents of the proposed DSVPWM is
lower than that of the conventional CSVPWM.
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o : : = Conclusions
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1 : ; o : : N modulation index is investigated in this study. The
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(c) (d) Authors: Mr. Kaset Muangthong. E-mail: kmuang@gmail.com;

Fig. 15. Normalized switching losses of proposed DSVPWM in
each phase-leg.
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