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Abstract: In this paper several discontinuous pulse width modulation (DPWM) numerical control
strategies are presented, aiming at the reduction of switching losses and decrease of the number of
arithmetic operations for computing the switching instants. The strategy is based on two line-to-line
unitary reference voltage (the two voltages are referred to the DC supply voltage). Through cyclical
permutation of the two line-to-line reference voltages at every 30 el. deg. 60 el. deg. or 120 el. deg.,
the optimal PWM control strategies are obtained, having some clear advantages compared to
classical PWM techniques (CPWM). Simulated rvesults and their analysis for the case of a
three-phased bridge inverter demonstrate the validity of the numerical control strategies presented.

1. INTRODUCTION

Voltage source inverters are utilized in AC motor drive, utility interface and
uninterruptible power supply (UPS) applications as a means for DC<AC electric energy
conversion. The DC bus is used to generate a variable voltage and variable frequency power
supply. The voltage source inverter is used to convert the DC bus to the required AC voltage
and frequency. The power inverter has 6 switches (as shown in Fig.1), had are controlled in
order to generate an AC output from the DC input. The phase voltage is determined by the
duty cycle of the PWM signals. Upper and lower switches on the same leg should not be
switched on the same time. This will prevent the DC bus supply from being shorted. A dead
time must be given between switching off the upper switch and switching on the lower switch
and vice versa. This ensures that both switches are not conductive when they change state
from on to off or vice versa.
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Fig.1 Structure of the three-phased
inverter with two voltage levels;

The classical PWM strategies [7] allow the determination of the conduction cyclic ratios
based on the line-to ground reference voltages. An exception to this is the Space Vector PWM
technique which uses the magnitude and phase of the reference voltage vector [8]. The paper
presents the synthesis of the discontinuous pulse width modulation algorithms (DPWM) for
three phase voltage inverters. The advantage of these methods is the decrease of the arithmetic
operations number for computing the switching instants.

2. DPWM CONTROL ALGORITHM
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The discontinuous strategy entails the transition from three to two axes on which the
control sequences are determined. The two axes are represented by two line-to-line voltages;
by changing these cyclically different PWM strategies can be obtained. These strategies differ
in switching losses per each bridge branch. If we consider phase A as reference the number of
commutations for this leg is the four times smaller than on other legs [2]. The switching
generation functions can be defined at a particular instant k from the PWM control sampling,

as a functions of the reference voltages (u"?f—/"u "?/'—B’u"?/'—c) for each phase separately, but
related to the continuous source voltage (Ud ):

Upef C() uref_A(k)

mAlg( ) U,
Upef B(k) —u ref_A(k)
mA2g(k) U, 0

The block diagram for an inverter with three switching cells, two switches per cell
(Fig.1) and the generation functions waveforms 4
(Fig.2) are presented for the case in which ( m
phase A is taken as reference. The reference h T T LN
voltage should form a symmetrical three
phased system. The maximum value of these

voltages is v / 3 thus covering the entire !
linear zone of operatlon In this case, the .
switching generation function exhibits a ot
continuous variation inside the segment [-1, 1] [ s S

T T .
when 1»70 (" » denotes the commutation o[ E : N

period). Fig.2 Commutation generating function in
the DPWM strategy case
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Depending of the sign of functions Mg

and 12 four sectors can be distinguished (see
Fig.2). The duty cycle ratio can be determined graphically for each sector, so that a certain

bridge leg is able to keep its particular commutation state over the entire sector. The duty

cycles (T4, B, TC) represent the time while the upper switches on each leg are on during
one commutation period (see equations 82)) With (¢4, 4B | %C) the conduction cyclic ratios
for the upper switches have been denoted, and for lower switches these are complementary.

In table I (Fig3), the relationship between duty cycle and switching generation functions
are listed.

SECTOR SIGN CONDUCTION CYCLIC RATIO

ay(k)=—m 4o, (k) ag(k)=0; ac(k)=m 44 (k)—m 45, (k)

0 mA1g>0, mA2g<0

(k)=~
1 Mg o, Mazg a (k)=0; apg(k)=m 4 (k) ac(k)=m 4, (k)
a y(k)=-m g (k) aglk)=m 4o, (k)-m 4, (k) ac(k)=0

2 mA1g<0;mA2g>0

300 [ Mg o, Mag g, a,(k)=1 aB(k)=1+mA2g(k)2 ac(k)=1+m 4, (k)

Fig.3 Table I relationship between duty cycle and switching generation functions
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The definition domain of sector 0 and 2 is of 60° el. and for sector 1 and 3 it is of 120° el.
As a result, the transistors on leg A will commute four time less than the ones on the other two
legs [3]. This method allows for a better dissipation of the heat in the semiconductor devices
on the phase considered as a reference.

2.1 DPWM1 CONTROL ALGORITHM

By a cyclic change of the reference phase, different DPWM control algorithms can be
obtained. Thus, Fig. 4-b presents the duty cycles for the case when axes are changed at every

30°el. (DPWML) [5]. For sector 1, the two phase voltage references "dlg. M A2g , are positive
and switch k, (see Fig.1) must be “off”, while on the other switches k;, ks are commanded by

PWM technique. The same control is use for sectors 4, 5, 8, 9 and 12, only depend of phase

voltages reference. TA
For case when the two phase voltage references are negative, the computational

algorithm for duty cycle is different. Thus, for sector 2 the two phase voltage references

" Blg,MB2g , are negative and switch k; (see Fig.1) must be “on” by all the definition domain
of sector, while on the other two switches k;, ks are commanded by PWM technique.

The reference phase voltage can be changed during operation (online) at the md&fent
when the generation functions are equal in magnitude (the absolute value) and phase, no
matter which the current reference phase is.

From simulations result, the DPWMI

control algorithm has the least THD (Total : U \ J \\
Harmonic Distortion) factor for a modulation .. ] Tc
index M great than 0.5 value. ou

22 DPWM2 CONTROL ALGORITHM o1/ AT
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The other DPWM algorithm on two axes "7 U U U
is defined by a complete period of reference
voltage in the form of 6 sectors of 60° el [3]
cach. The 6 sectors are determined by testing m m ﬁ
the sign of each two phase voltages reference .. _¢* o0 oms Taén o Do ges S5 "ok
(Fig.5-a) and differ by the maximum absolute  _, ] k U U
value of reference phase voltages. These sectors .. |

have been denoted 1-B, 2-A, 3-C, 4-B, 5-A and oa ] >
6-C where 1...6 are the sector numbers and A, r\ A
B and C are the reference phases used to oo : | :

O./Eh 0800 0H0s 0810 0Ms 0820 0825 0830 0835

compute the connection generating functions.
To decrease the arithmetic operations’ number needed for computation, the switching
generation functions have been denoted as:

MC1g=M1g M f1g= Mg
Mmypg=Myg;MpBig=—"M)g

Mmppo=mM3o;MCpe=—"M3
g g g g 3)
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This DPWM?2 strategy has the particular feature that the time corresponding to the non
commuting leg is synchronous with the 4 e
maximum absolute value of reference 4 R
voltages. This aspect can represent an N £\ £\ ARNGEEN
advantage for converters operating at a ’
unitary power factor, from the standpoint
of commutation losses. The duty cycle Mg | Mo | mo | mas | mas | mas | ma | g
evolution differs as a function of the ! >§ - )
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maximum absolute value of reference PR PN
voltages, as it can be seen in Fig.5-b. Thus,
for smaller values than the maximum one a

evolution  has
1scont1nu1t1es at every 60° el.

From analyzing the waveforms 3
presented in Fig.5-b, during rotation each Oloﬁng M=1
phase is in turn connected directly to the o.c03
positive/negative  terminal ~ of  the T rTrrrTrrTrorrTor e

continuous supply voltage, while on the o :
other phases the command complies with ] M08
the pulse width modulation principle. \
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The simulation results confirm the

validity of the analyzed method. In table II ]
(Fig.6) the relationship between duty cycle 1 3
and switching generation functions is listed : ‘

. T L
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SECTOR SIGN ha function-inthe
1-B E _ — o o
Urep s ggtrer oy |94 k _’@PgJ(’MQ ¢t e %Bﬁ\ﬁmg(ﬁft} cycld

(k)=
Aty 5ot o a, (k)=1 aplk)=1+my, (k) ac(k)=1-m g (k)
Oty a5y | @ak)=myg (k) a(k)=-m3, (k) ac(k)=0
(%)
a 4(k)=

51 ref< U, / \/_ this 1-B 2-A 3-C 4B | 5A 6-C 1-B 2-A|

Bty gty |@aK)=1-mpg (k) agk)=1; ac(k)=1+ms, (k)
A

urc/'iB>=0&ur¢/'7C>0 k 0 aB( )_ng( )’ aC(k):_mlg(k)
o€ Urer B g trer 4 aA(k):1+m1g(k); aB(k):l_m3g(k); aC(k):l
Fig.6 Table II relationship between duty cycle and switching generation functions

2.3 DPWM3 & DPWM4 CONTROL ALGORITHMS

By a cyclic change of the reference phase at every 120° el. other two DPWM control
algorithms (DPWM3 and DPWM4) [4] can be obtained (see Fig.7).

This DPWM strategy is characterized by the simplest algorithm from the standpoint of
microprocessor implementation.

In the case of DPWM3 algorithm, it takes into account only the positive part of the
reference phase, and the DPWM4 algorithm takes into account only the negative part of the
reference phase. The computational algorithm for the conduction interval on each sector is
detailed in table III (see Fig.8).

By analyzing the waveforms presented in Fig.9-a and Fig 9-b we can observe than the
discontinuities can’t occur in the case of this algorithms (DPWM3, DPWM4).
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SECTOR SIGN

= CONDUCTION CYETTERATIO— >

1-B-120

1-A-120 Mg oq Mate g a,(k)=0; g flg)zmAf((k) aﬂ =mAlq)@§;\
=

mB2g>0&mBlg ~=0 aA(k):m_Bdléw; a =0; a

ot

1-C-120

Metg g ™28 oy a 4(k)=m]q (k) aglk)=mcyq (k) ap(k)=0

Fig.8 Table III relationship between duty cycle
and switching generation functions

The advantages that characterize
DPWM3 & DPWM4 are as follows:

» the control impulses are centered;

» the computation time of the

conduction cyclical ratios is
reduced; only 2 multiplications
and 2 additions are necessary for
one control sequence;

» the switching losses are reduced

by 33% comparatively with
CPWM.

The switching losses depend mainly
on the switched current and for case of
DPWM  methods are significantly
influenced by the modulation method and
load power factor [4].

The disadvantage of these DPWM3
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Fig.7 Commutation generating function in the
DPWMS3 strategy case

& DPWM4 methods is that the switching losses are not the same for all switches.

The presented modulation offers an important advantage from the standpoint of real time
implementation with microcontroller systems; this advantage is the reduced computational
time. All the DPWM algorithms can be easily and efficiently programmed into a
microprocessor or a Digital Signal Processor (DSP) leading to a low cost, high performance
drive. The only cost in realizing the optimal modulator is increased DSP software code and
small increments in computational requirements. Thus, the algorithms are suitable over a wide
range of applications where low cost, high performance, and high-energy efficiency are in

demand.
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Fig.9 The sw1tch1ng cyclic ratios evolution for M=0,8 for a) MDID3; b)MDID4

3. CONCLUSION

The advantage of these methods is a very simple computation algorithm. An important
advantage from the standpoint of the THD is offered by the DPWMI1 control algorithm, for a
modulation index great than 0.5 . For the case of converters operating with a unitary power
factor, by using the DPWM?2 strategy, switching losses can be reduced with 50%, in
comparison to the case of a PWM control with continuous operation. The DPWM2 strategy
offers the advantage that, in rotation, each of the legs stops switching when the reference
phase voltage reaches maximum absolute value. The DPWM3 and DPWM4 are characterized
by the simplest algorithm with respect to microprocessor implementation. Thus, only two
multiplications and two additions are necessary for one control sequence under the assumption
that the phase-to-ground reference voltages are available for control. Command pulses are
centered during the on commutation period, making it possible to use standard peripherals of
the count and compare types. For numerical simulation of the presented modulation
techniques, the POSTMAC (Programme Ouvert de Simulation pour Test et I’Etude de
Machine Asynchrone Commandée) software package has been used [9].
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