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ABSTRACT

Inverter dead-time distortion in output voltages have been
widely investigated in the past for three-phase PWM voltage
source inverters. Also, there have been some studies about
multi-phase inverters with reference to multi-phase drives.
Usually, almost sinusoidal output currents are considered,
with a single zero crossing for every half fundamental pe-
riod. High output current ripple introduces multiple zero
crossing, leading to modified output voltage distortions. In
this paper the effect of the output current ripple has been
taken into account, in the case of carrier-based PWM tech-
niques when no any dead-time compensation technique is
applied. In particular, the harmonic spectrum of the output
voltage distortion has been evaluated on the basis of the
multiple zero crossing time interval of output currents. In
case of relevant current ripple it is verified a relevant devia-
tion of output voltage harmonics in comparison to the case
of almost sinusoidal currents. Theoretical analysis has
shown that particular low-order harmonics are affected by
the current ripple amplitude, and simulation results confirm
the developed analytical approach.

Index Terms— Switch dead-time, zero crossing, current
ripple, harmonic analysis, inverter nonlinearity.

1. INTRODUCTION

Pulse-width modulation inverters have widely been used in
motor drives. However, these inverters produce voltage dis-
tortion due to nonlinear characteristics of switching devices
such as turn-on/turn-off times, voltage drops on switches
and diodes. A further important nonlinearity is caused by
necessary dead-time introduced to avoid the so-called shoot-
through of the dc link. In fact, to guarantee that both
switches never conduct simultaneously, a small time delay is
applied to the gate signal of the turning on device. This
small time interval, in order of ps, introduces magnitude and
phase errors in the output voltage. The voltage distortion
increases with switching frequency, introducing harmonic
components that may cause instabilities and additional
losses in the machine being driven. Relative voltage
deviation effect is more significant for low modulation
indexes [1]-[5].
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The dead-time problem has already been investigated by
the industry [2], [3] and various solutions have been pro-
posed. In most cases the compensation techniques are based
on an average value theory, the lost volt-seconds are aver-
aged over an entire switching period and added to the com-
manded value. A pulse-based compensation method has
been proposed in [2], where the compensation is realized for
each pulse. The compensation voltages in [3] are calculated
by using dead-time, switching period, current command and
dc-link voltage. Regardless of the method used, all dead-
time compensation techniques are based on polarity of the
current in the switching leg. This is especially true around
the zero crossing where an accurate measurement is needed
to correctly compensate for the dead-time. In [4] an online
dead-time compensation technique is presented, acquiring
the additional computation burden to determine the phase
angle of currents.

The area of multiphase variable-speed motor drives, in
general, and multiphase induction motor drives, in particu-
lar, has experienced a substantial growth since the beginning
of this century. Detailed overview of the current state-of-the-
art in this area is given by [6]. The inverter dead-time effect
on the steady-state and dynamic performances of a multi-
phase induction machine with current control is analyzed in
[7]. The paper suggests a modified current control scheme
that is able to compensate inverter dead-time and provides
sinusoidal currents. Although in this case it is possible to
have perfect compensation of dead-times, the problem re-
mains for the drives that are based on machine flux estima-
tion, since dead-time introduces errors if input dc voltage
and switch patterns are used for calculations instead of ac-
tual ac output voltages. Analysis and compensation method
for a five-leg inverter driving two three-phase ac motors in-
dependently has been done in [8]. Practically, this analysis
can be simplified as for three-phase inverters, since the mo-
tors are independent. An analysis of the effect of dead-time
introduced for multi-phase inverters is given by [9], first for
the case of three-phase, then with a general extension to n
phases, with specific numerical verifications on five- and
seven-phase inverters. An overview on dead-time analysis
on multi-phase inverters is given as well in [10], where is
the dead-time effect on load voltage also represented in
terms of multiple space vectors, and analysis of harmonics
content for each a-f plane is given.
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Fig. 1 Switching patterns and output pole voltage

Even though the compensation of dead-times can be
done on the basis of current sign measurement, never it is
perfect since the turn-on/turn-off times are not known
exactly and are depending on many factors [11], leading to
either an over-compensation or under-compensation.

Due to the multiple zero crossings, when the output cur-
rent is with ripple, dead-time has different influence on out-
put voltage, as well as on its harmonic spectrum. An
analysis is given in [12], where is proposed a resonant
controller to compensate for relevant harmonics introduced
by dead-time.

In this paper a brief review of the dead-time effects in
three-phase inverters is presented first, which is almost well
known and investigated. Further on, the effect of multiple
zero crossings of output current is introduced by analytical
developments and verified with numerical simulations by a
realistic circuit model.

2. REVIEW OF DEAD-TIME EFFECTS IN
THREE-PHASE VSIs

Reference is made to a typical three-phase PWM voltage
source inverter (VSI) with a passive RL balanced load. It is
convenient to analyze the dead-time effects from one phase
leg converter and then to extend the results to more legs
(phases). During the dead-time ¢, both of the switching de-
vices cease to conduct, and one of the two diodes conducts.
If the current polarity is positive, the lower diode will con-
duct, otherwise the upper diode will conduct.

The corresponding switching patterns and output volt-
ages are shown in Fig. 1. The ideal gating pattern is shown
in blue color. However, in practical applications, the turn-on
time of each switch is delayed by the dead-time ¢#,, leading to
the real gating signals shown in red color.

The actual pole voltage of k-th leg (k= 1, 2, 3), ¢, can be
evaluated on the basis of the reference pole voltage, ek*,
according to the direction of the phase current i, as:

e, = e; —sign(i) AV, (1

where AV, is the averaged voltage contribution due to the
dead-time #; over the switching period 7., AV, = t;/ T, V.

It is assumed that the system is balanced in further analy-
sis. The effects on three-phase inverters can be emphasized
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Fig. 2 Currents i (top) and load voltage error u, (bottom, normalized with
respect to AV ) for three-phase inverters

on the basis of the actual load voltage v, expressed by pole
voltages:

vkzek—(el+ez+e3)/3 2)
Introducing in (2) the actual pole voltages (1) leads to:

Vi = V;: + Uy, (3)

being v, the reference load voltage:

v;::e,t—(el*-i-e;-i-e;)/& 4

and u; the average load voltage error introduced by dead-

time:

u, =AV, {—sign(ik ) +[sign(i,) + sign(i,) + sign(i, )]/3} 5)
The time diagram u,(t) is depicted in Fig. 2 for the

first phase (k=1), considering three-phase sinusoidal

balanced load currents, being o, = 2n/T. In this case, the

harmonics content of load voltage error developed as
Fourier series, as also mentioned in [11], is:

— g{sm[wor_<k_1)2ﬂ+gsm[s(w_<k_1)2gﬂ
+lsir{7(wot —(k—l)z—”ﬂ +lsir{l (a)(,t—(k—l)z—ﬂ-ﬂ (6)
7 3)| 11 3
1 . 2 1 . 2
+ESIH|:1 3((001 —(k —1) TJ:| +ﬁ Sll'l|:1 7((00t - (k — 1) Tj:| +.. }

3. EFFECTS OF THE OUTPUT CURRENT RIPPLE

If the output current is with ripple, the effect of dead-times
is reduced since during the zero crossings the average of
sign function of current is zero, so there is no effect on
specific pulses of pole voltage at zero crossings. More
specifically, it can be shown that dead-time doesn’t affect
the width of the pole voltage pulse if the current turns from
negative to positive during the voltage pulse. On Fig. 3 are
shown the phase currents without and with ripple and the
corresponding dead-time instantaneous voltage error (the
dashed line is the average), obtained by simulations. It can



be noticed that on first figure on left there is continuous
dead-time effect. In second case (on the right) around zero
crossing there are no dead-time effects, since the current al-
ways changes sign from negative to positive (Fig. 4) during
the pole voltage pulse. The result when current changes sign
from negative to positive during the pulse is that actual pulse
is equal to reference one. On Fig. 5 is depicted the current
with peak-to-peak envelope of ripple and averaged pole
voltage error due to dead-time, taking into account the zero
crossings. This effect on pole voltage can be summarized
with a modified sign function sign(i;), having zero values
corresponding to multiple zero crossing interval of the
current.

The load voltage error is still calculated using (1) and
(5) but taking into account modified sign function:

e, = e; —sign (i) AV, (7)

as:
uy = AV, {sign(iy) + [sign(i) + sign(iy) + sign(i)|/3}. - (8)

Fig. 3 Current i, (top) and dead-time pole voltage error (bottom) for three-
phase VSI with currents without ripple (left) and with ripple (right)

Fig. 5 Current ix with peak-to-peak envelope of ripple (top) and modified
sign function (bottom)
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The average load voltage error is depicted on Fig. 6 for the
first phase (u;). The waveform of u can be seen as the sum
of two contributions: the sign of the k-th leg current —sign(i;)

and average of signs of all output currents 1/3Xsign(iy), con-
sidering modified sign functions. This two contributions are
depicted in Fig. 7. The first one corresponds to unity square
wave signal with period 7, but modified with taking into ac-
count the zero values due to zero crossings, and the second
one corresponds to a square wave signal, also modified, with
amplitude 1/n and period 7/n.

The Fourier development of the load voltage error can
be obtained as a combination based on these two signals for
the three-phase inverters, leading to:

u, =AV} i‘ {—cospsi\{a&t —(k—l)z—”}—1 co3p sin{3(a&t—(k—1)2—”ﬂ—
T 33 3
—; cos(S@si{S(a&t—(k—l)z—fﬂ—. : .4—;cos{3@si{3(ay—(k—l)%lzﬂ+ ©)

1 . 2| 1 . 2
4—9 co{99) 511{9[@; —(=D ?}}Tscos(l » sn{l {ag—(k—l) ?j} . }

where ©, = 2n/T is the fundamental frequency and ¢ is the
angle corresponding to half of the multiple zero crossing pe-
riod of the current.
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Fig. 4 Switching patterns and output pole voltage

Fig. 6 Currents i (top) and load voltage error «; (normalized with respect to
AV, , bottom) for three-phase inverter in case of current with ripple
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Fig. 7 Waveforms of the two contributions to the voltage error u; normalized with respect to AV

It can be noticed that all harmonic components of the
second signal completely erase with corresponding harmon-
ics of the first signal, leading to the following simplified ex-
pression:

u, =—AV, %i%cos(h(p) sin[h((oot —(k-1) %ﬂ . (10)

h=1

The amplitude of harmonics is calculated according to (10):
U, =E%AVd costh®), (h odd integer not multiple of n) (11)
T

The amplitude of fundamental voltage error is given by (11)
having i = 1:

U, = iAVd cos(®) . (12)
v

The output voltage error depends on the current polar-
ity, which is a function of the load power factor angle @. De-
fining the amplitude of the output voltage reference V" as
function of modulation index m as:

Vi=mv,, (13)

enables calculation of the fundamental of the load voltage V'
on the basis of the load power factor angle as [1]:

V =-U cosp+V?-UZsin’¢. (14)

From (14) is possible to evaluate the amplitude of funda-
mental voltage error as:

|~V cos(@) £/4V >cos’p+ 42—V ?)

U, 2

(15)

1,2
where just one solution is acceptable. Eq. (15) can be used
with simulation results to calculate U, on the basis of V", V,
and cos¢@. This value is compared to the one given by (12).

In order to verify what is the effect of dead-time on out-
put voltages, of interest is the value of multiple zero crossing
time interval (angle) of output currents. As the first order of
approximation, the amplitude of current ripple, Ai, can be
evaluated as in [13], [14]:
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Zdete (16)

The current ripple evaluated by (16) applies only to case
with maximum modulation index. It has been verified with
simulations that the current ripple and modulation index are
almost linearly dependent in the range 0.1-0.5, so it is possi-
ble to modify (16) as follows:

Ai = 2m—Vd“T" .

(17)
Eq. (17) is just a simple approximation to evaluate the cur-
rent ripple amplitude, but is has been numerically verified it
is accurate enough to get reasonable results within the goals
of this paper.

According to Fig. 5, the angle corresponding to zero cross-
ings of the current can be evaluated as:

(p:arcsin(m/z], (18)

I fund

where /4 is the fundamental output current amplitude.
4. NUMERICAL RESULTS

In order to verify the theoretical developments shown in pre-
vious sections, circuit simulations are carried out by Sim-
PowerSystems of Matlab considering a three-phase VSI sup-
plying RL load with low power angle at /= 50 Hz. The
dead-time duration is ¢, = 20 ps, the switching frequency is
1/T, = 2 kHz, and the dc voltage supply is V. =200 V. Dif-
ferent values of modulation index m are investigated (0.1,
0.2, 0.45). The harmonic spectrum of the voltage error is
shown in all cases up to 19™ harmonic component.

First of all, in order to emphasize the mismatch intro-
duced by a relevant current ripple, in Fig. 8 are compared
the two cases of sinusoidal output current (Fig. 8a) and
output current with ripple (Fig. 8b) having the same power
factor and the same fundamental amplitude. In both cases,
the black columns at left side show the voltage error
harmonics calculated by theory as shown in [9], considering
pure sinusoidal output currents with load power factor



PF=0.992. In Fig. 8a harmonics are obtained considering
different modulation indexes (m = 0.1, 0.2, 0.45, columns
from left to right side) and same power factor. In Fig. 8b
harmonics are obtained with the output current ripple
corresponding to a passive RL load, having R=5Q and
L=2mH, with different modulation indexes (m = 0.1, 0.2,
0.45, columns from left to right side).

As expected from the theory, only odd-order harmonics
appear and harmonics with order multiple of three are prac-
tically missing (i.e., 3", 9™, 15™), according to (6) and (9). It
can be noticed that in Fig. 8a the theoretical value consider-
ing theoretical approach [9] with single current zero
crossing, is in good agreement with simulations obtained
with sinusoidal output currents. Figure 8b shows
mismatches between the theoretical values considering
single zero crossing of currents and simulation results
obtained with passive RL load, that corresponds to an output
current ripple that can not be neglected.

Figure 9 shows the numerical results compared with the
proposed method to account for the effects of the current
ripple. In particular, in Fig. 9 are shown 4 different cases
considering 4 different values of inductance (2, 3, 5 and 10
mH), and for each one considering different value of modu-
lation index (m = 0.1, 0.2, 0.45, columns from left to right
side). The black columns represent the harmonic amplitudes
given by theory, according to section 3, considering the
theoretical approach introduced in this paper, calculated for
every value of L. The other columns correspond to harmonic
amplitudes introduced by simulation with passive RL load
with different values of modulation index (columns from left
to right side). It can be noticed that simulation results are in
good agreement with the proposed theoretical approach, al-
most in all cases.
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(a) Pure sinusoidal currents (PF=0.992)

5. CONCLUSION

The switching time delay in a PWM inverter has effects on
inverter operation. It causes a decrease in the fundamental
component of load voltages and introduces low-order har-
monics. It is shown that, despite PWM methods that produce
sinusoidal outputs, free from any lower order harmonics, in-
verter dead-time generates odd low order harmonics. This is
important in all cases in which the output voltage is set in
open-loop or it is evaluated on the basis of dc voltage and
switching pattern.

In this paper the dead-time effects on inverter output
variables has been analyzed in three-phase inverters with
output currents with relevant ripple. It has been shown that
due to multiple zero crossings of current, dead-time effect is
reduced, and there is different voltage harmonic spectrum
with respect to one which considers pure sinusoidal output
currents. A simplified theoretical approach is proposed to
evaluate the value of time interval when the zero crossings
occur, on which is based the theoretical analysis of the effect
of dead-time on output voltage distortion. Further on, this
analytical developments have been compared with numerical
results obtained by circuit simulations, showing a good
agreement. Experimental results are currently in progress.
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