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Abstract— The output voltage of PWM power in-
verters shows harmonic distortion due to several
causes; the main ones are the modulation algorithm,
nonlinearities in the output filter, dead times, voltage
drops across the switches and modulation of the dc
bus voltage. The distortion is more evident when us-
ing low dc bus voltages. As a result, motors driven by
these inverters have important torque pulsations.
This work proposes to reduce the distortion produced
by dead times and voltage drops across the switches
using a simple algorithm that recalculates the width of
each PWM pulse, while preserving the ideal area. By
simulation, the THD was reduced from 18% to 0.29%
in a single-phase inverter. The proposed algorithm
only needs products and sums, so it is suitable for be-
ing implemented on a DSP with a very low processing
load.

Keywords — Power inverter, distortion, blanking
time, THD.

I. INTRODUCTION

A single-phase PWM power inverter is shown in Figure
1. By turning on exclusively one switch in each leg (M1
and M4, or M2 and M3) a voltage difference is produced
across points A and B. Simultaneous turning on of the
two switches of either leg must be avoided to prevent a
short circuit to ground on the dc-link. The natural turn-on
and turn-off delays of the switches increase the possibility
of producing the short circuit. A delay time, also called
dead time (DT), is added before applying the turn-on
pulse on any switch to minimize this risk; such that the
previous conducting switch of the same leg has effec-
tively turned off. Arbitrary waveforms can be synthesized
between points A and B by adequate modulation of the
turn-on pulse widths. The low-frequency spectrum of the
synthesized waveform is similar to the desired one.

The most important sources of distortion in power in-
verters are: the kind of modulation used, nonlinearities in
the output filter, dead times, the direct Voltage Drop
across the Switches (VDS) and modifications of the volt-
age of the dc-link. The standard measure used to charac-
terize distortion is the total harmonic distortion (THD).

Distortion due to DTs: The DTs are normally intro-
duced at the beginning of each pulse, delaying the turning
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Figure 1. Full bridge inverter with inductive load.

on of the respective switch, to allow the other switch to
effectively turn off (Mohan et al., 1989). Distortion
caused by the DTs has already been studied. In Mohan et
al. (1989) and Mosely et al. (1999) a basic description of
the problem and its influence over the THD of the output
waveform can be found. Since during the DT both
switches of the same leg are off, the sign of the output
current dictates which of the freewheeling diodes con-
ducts. In consequence, when the current is negative (posi-
tive current flows from point A to point B in Fig. 1 by
convention) the average output voltage is higher than de-
sired. On the contrary, when the current is positive the
average output voltage is lower than desired. Then the
output waveform is distorted, with low-order harmonic
components that are difficult (or relatively expensive) to
filter out.

According to Mosely et al (1999), the ratio (Pe-
riod/DT) must be > 15 or the DT < 6.7% of the period to
keep the THD below 1%.

The problem has been extensively investigated (Ueda
et al., 1982; Chin, 1985 and Ueda et al., 1989) with re-
spect to the torque pulsations produced on the electric
motors by the distorted waveforms. Several correction
methods have been proposed to correct the distortion pro-
duced by the DTs; Murai et al., 1987; Jeong & Park,
1991; Colby et al., 1990, Choi et al., 1994; Mohan et al.,
1989; Mutoh et al, 1990 and Sukegawa et al., 1991).
Most of them are based on the mean value theory. The
lost voltage is averaged along one switching interval and
used to compensate the command voltage (Murai et al.,
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1987, Jeong and Park, 1991; Colby et al.,, 1990; Choi et
al., 1994). One technique uses a PI Controller to adjust
the compensation time (Choi et al.,, 1994), while another
one corrects the pulse widths by detecting the direction of
the power flow (Mutoh et al, 1990). Other technique
(Sukegawa et al., 1991) uses a feedforward method ap-
plied in high performance current-mode variable speed
drives, while another (Leggate and Kerkman, 1997) pro-
poses a pulse-by-pulse compensation that adjusts the
PWM symmetric pulses to correct the voltage distortion
due to the DTs.

Our proposed DT compensator performs pulse-by-
pulse compensation by adding a compensating pulse at
the end of each original pulse to yield the ideal pulse area.
The polarity of the load current has to be known. The
correction is independent of the carrier and modulator
frequencies.

As shown in Choi ef al. (1999), when unidirectional
switches are used, not all DTs are necessary. The DTs are
only necessary when producing command pulses near the
zero-crossing of the load current. An analysis of the dif-
ferent operating modes of the inverter reveals that a
switch is not always switched on when it receives a
switch-on command. The switch turns on only when the
load current changes polarity; in all other cases, the corre-
sponding diode will conduct the current and the inverter
can be driven without DTs. The DTs are necessary only
when the output current is near zero. A limit Al can be
established such that if |I| > A/, no DTs are generated.
When a sinusoidal waveform is synthesized (e.g., in vari-
able speed drives) the zero crossing of the current can be
predicted, minimizing Al. When |/|< 4I, the DTs and all
signals must be generated, since the current can switch
polarity at any time. Elimination of the unnecessary DTs
improves the global efficiency of the inverter, since a
great amount of gate pulses is eliminated. Additionally,
the THD of the output voltage is reduced noticeably.

Distortion due to VDS: The ideal PWM modulator
calculates the pulse widths based on three possible ampli-
tudes for a two-level inverter: {V,., 0, —V,.}. These volt-
age values are never attained in practice.

When the sign of the current is positive (SI = 1) and the
sign of the voltage is positive (SV = 1), current flows
through M1 and M4. Considering that the voltage drop
V,, on the MOSFETS are equal and constant, then the
resulting voltage on the load is V..—2V,,. When SI = -1
and SV = -1, current flows through M2 and M3. In this
case, the voltage on the load is —V,..+2V,,. When SI = 1
and SV =1 there are two possible ways for generating the
DTs: one is to turn off M1 leaving M4 on, which makes
the current to flow through D2. The other is to turn off
M4 leaving M1 on, and the current flows through M1 and
D3. In both cases the load voltage is —V;—V,,. Finally, the
zeros generated by M1 and M3, or M2 and M4 have am-
plitude £(V,+V,,), being positive for SI=—1 and negative
for SI=1.

Table 1 shows the inverter operation considering the
effects of the DTs and the VDSs, simultaneously (for
VDS equal to V,, under unipolar PWM). For unipolar
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PWM, there are four pulse sequences that are repeated
while the polarities of voltage and current do not change.
Table 1 shows the corresponding repetitive uncompen-
sated waveforms of each sequence. Each pulse is identi-
fied by the triggering signal of the switches that should
conduct (e.g., G2G4), and also the amplitude is identified
(e'g-a_Vd_Von)'

The output voltage can adopt four different values, cor-
responding to positive (HI), zero (0), negative (LO) and
the value adopted during the DT, that can be HI, 0 or LO,
depending on the signs of the voltage and current.

For the sequence {SV = —1, SI = 1} the ideal output
should switch between 0 and V..

However, the real voltage level corresponding to 0 is —
V4=V,.. Similarly, the real voltage level corresponding to
LO is —V,..—2V,. During the DT the output goes to the LO
state. The DT is always inserted at the beginning of the
state, reducing its effective duration. When the voltage
during DT is different than the desired value, then the DT
produces an error. For example, in the sequence {SV =
—1, SI = 1}, the output voltage during DT is LO. When
the transition is from 0 to LO, the voltage during the
DT(LO) is the same as desired, and no error is produced.
On the contrary, when there is a transition between LO to
0, the output voltage remains LO during the DT, shorting
the duration of the state 0. A similar effect can be de-
scribed for the other three sequences.

It is important to note that in the table the correspond-
ing values for the three possible states are: HI
{Vcc_z Vom Vcc+2 Vd}s LO = {_Vcc_2 Vd; _Vcc+2 Von} and
0={-Vy—Vo, VatV,,}. This affects the synthesized wave-
form since, for example, a pulse of width pw and height %
= 0 should have a null area, but as the height is —V,— V,,,
the area is finite. Distortion will be more evident when
the output voltage level is similar to that of VDS.

II. PROPOSED CORRECTION METHOD

The proposed method is an extension of Leggate and
Kerkman, (1997) combined with the method of Choi et al.
(1999), and it is useful to compensate not only the DTs
but also the VDS. The proposed DT compensator com-
pensates the area of each pulse by adding a compensating
pulse at the end, without distorting the original pulse
width, to preserve the ideal area.

Then, the pulses are distorted to compensate for the er-
rors produced by the power stage (DT and VDS). The
results of simulations show that the THD of a single-
phase full-bridge converter can be reduced from 18% to
0.29% using this algorithm.

Figure 2 shows the case where the PWM algorithm has
determined that pulse PA must have a width pw and
height 4 (noted PA (pw, h)). The original (uncompen-
sated) pulse has width pw; and height #4,, distorted by the
DT (shaded areas). It is possible to compensate the pulses
using a post-modulator that adds a new pulse, PC (pw,,
h,), satisfying:

pw= pw,;+2DT+pw,,

(M
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pwh=(pw; +2DT) h; +pw; h;, @)

where the voltage during DT is 4;. Equation (1) estab-
lishes the necessary condition to keep the width unaltered
and Eq. (2) preserves the desired area. The solution is:

pw; +2DT=pwk;, pwy=pwk,, 3)
where
k= (hZ_h)/(h2_hl)’ ky= (h —hl)/(hz—hl)- (4)

Figure 2 General compensation method.

For each original pulse, there are two DTs in the com-
pensated PWM, one at the beginning of pulse PA and the
other at the beginning of the compensation pulse.

Table 1 shows also the compensated waveforms for all
possible combinations of the four sequences determined
by the voltage and current signs (SV and SI). It can be
shown that the solutions of Egs. (1)-(4), in all cases
shown in Table 1, provide unique values for k; and k;:

k[ = (Vcc =2 Van)/(VL‘c + Vd - Van)’ (5)

k2 = (Vd + VorL)/ (K‘C + Vd - V(m) . (6)

The compensation can be applied when the pulses are
wide enough. Near the zero crossing of the voltage sig-
nal, the pulses become narrow and finally become dis-
torted (to a triangular shape) due to the slew rate of the
switches. Then the proposed compensation is not useful
any more. If the modulating waveform is symmetrical, an
analysis of the PWM in the interval {-AI, +Al} shows
that the amplitude of the positive and negative “zeros” in
average becomes compensated. The average of the HI
and LO pulses are partially compensated to {V.. and
—Ve}. A practical compensation algorithm should not
take any action when the pulse widths become very nar-
row.

Figure 2 summarizes the different compensation re-
gions along one period of the synthesized waveform.

III. ANALYSIS OF THE DISTORTION

The analysis of the distortion presented in the output
waveform was simulated to evaluate the distortion pro-
duced by DTs and VDS. An unipolar PWM waveform
corresponding to a 1 kHz sine wave, modulated by a 500

91

kHz' triangular carrier, was analyzed under different cir-
cumstances for a modulation index MA = (0.8 and a dc-
link voltage of V.= 16 V. The THD was evaluated using
the first 20 spectral components obtained from a FFT of
the PWM waveform.

THD without DT and with ideal switches: The THD
of the PWM waveform produced without introducing DTs
and with ideal switches was evaluated as a baseline for
simulations. Due to numerical errors, the simulated THD
for the baseline case was 0.0115% instead of zero; at a
sampling time of 1 ns.

Distortion due to VDS: When the voltage drops
across diodes and switches are taken into account, the
THD increased to 5.9%.

Distortion due to the DTs and VDS: Finally, the dis-
tortion due to both the DTs and the VDS was simulated.
The THD in these circumstances was 18.6% for a 16-V
dc-link (for a fixed DT of 100 ns). Very fast switches
were used in the simulations (1 ns switching time).

IV. PROPOSED ALGORITHM

Table 1 shows the compensated waveforms. Note that for
SV = —1 and SI = +1, the “zero” determined by G2G4 in
fact has a negative value (-V,—V,,). If a positive pulse is
applied to cancel the area, (G1G4), then the new area will
be zero. Note that at the beginning of the compensating
pulse, a DT (G4) must be included to keep the original
voltage value. The flow diagram of the compensation
algorithm is shown in Fig. 3, Fig. 4 and Fig. 5. The gates
to be triggered are loaded in “xx”, and the pulse width in
“pw”. Each pulse generated by the PWM is taken by the
compensator together with a sample of the output current.
Once the sequence is identified, it is determined if the
pulse must be compensated. If so, the adequate compen-
sating pulse is selected, and then the algorithm calculates
the DTs and the corresponding pulse widths. For current
values >Al, nor DTs neither unnecessary gate signals are
generated. Figure 4 and Fig. 5 show the flow diagrams of
the subroutines “Cmp” and “Inhibit gate”, respectively.

V. CONCLUSIONS

A method for compensation of the THD produced by DTs
and VDS was presented. It is an extension of that of by
Leggate and Kerkman, (1997) combined with the one
presented Choi et al. (1999). The original PWM pulses
are pre-distorted to compensate deficiencies of the power
stage. Extremely fast switches were used in simulations
(Ins switching time) with the DTs in a range of 4 to 100
ns. The THD was reduced in simulations from 18.6% to
0.27% using the algorithm. The addition of the compen-
sating pulse doubles the switching frequency. However,
unipolar PWM requires half the switching frequency than
required by bipolar PWM; therefore, the compensated
PWM waveform would have the same switching fre-
quency than an uncompensated waveform modulated us-
ing bipolar PWM. The proposed algorithm only needs

! A high enough switching frequency was selected to elimi-
nate aliasing and separate its effect from the distortion produced
by DT and VDS.
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Figure 3: Proposed compensation algorithm.
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Figure 4 Subroutine Cmp”.

products and sums so it is suitable for being implemented
on a DSP. Actually a prototype is being built. Prelimi-
nary experimental results show a reduction of the THD
from 17.9% to 0.59%.
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Figure 5: Inhibit gate algorithm.
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