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Abstract—An analysis of pulsewidth-modulation inverter
nonlinearities influencing high-frequency carrier-signal voltage
injection for saliency-tracking-based rotor/flux position estimation
is presented in this paper. Distortion of the injected carrier voltage
caused by the nonlinear behavior of the inverter has been reported
to cause errors in the estimated rotor/flux position. Though a
number of techniques have been developed to compensate for
inverter nonlinearities, they have not been proven to be effective
when a high-frequency low-magnitude voltage needs to be gener-
ated. Both the origins of the distortion as well as the requirements
for compensation methods to be effective when producing such
high-frequency voltages will be established in this paper.

Index Terms—Deadtime, pulsewidth modulation (PWM),
saliency, sensorless.

I. INTRODUCTION

ANUMBER of sensorless control techniques have been
developed in the past two decades [1]–[8]. The aim of

these techniques is to accurately control the electrical machine
without any mechanical position or speed sensor. There are
two main groups of estimation methods: those which rely
on the back-electromotive-force (EMF) voltage associated
with fundamental component excitation of the machine [1],
[2], [8] and those which use a second excitation signal, in
addition to the fundamental excitation [1]–[7]. Estimators
based on the back EMF have been shown to be successful
at medium and high rotor speeds; however, they fail at very
low speed due to the small magnitude and low frequency of
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the back-EMF signals. To overcome this limitation, methods
which inject an additional signal have been proposed. In this
paper, the injection of a high-frequency rotating voltage vector
for saliency position estimation will be analyzed. Errors in
voltage production, due to inverter nonideal behavior (mainly
deadtime), can cause a significant distortion of the injected
high-frequency voltage, eventually giving rise to significant
estimation errors in the saliency position. There are a number
of solutions for compensating for the inverter deadtime effect
and other inverter nonlinearities when injecting fundamental
voltage to the machine [9]–[26]. Recently, some compensation
methods for high-frequency carrier-signal generation have been
reported [5], [6]; but the origins of the distortions seen in the
high-frequency signal current have not been rigorously docu-
mented. In this paper, the effect of inverter nonlinearities on
the injected high-frequency carrier voltage will be documented
and its causes explained in detail. Results obtained through
simulation and experiments will be presented.

II. CARRIER-SIGNAL INJECTION METHODS

The use of a high-frequency rotating voltage or current vector
superimposed on the fundamental excitation, and the analysis of
the resulting high-frequency current (or voltage) to track spatial
saliencies has been widely studied as a viable option to esti-
mate the rotor or flux position [3]–[7]. When a high-frequency
rotating voltage vector is injected (1), if the machine contains
rotor-position-dependent saliencies (asymmetries), their angle
will be embedded in the negative-sequence component of the
high-frequency current (2)

(1)

(2)

A tracking observer, such as that presented in [3], extracts the
position estimate with zero-lag filtering of unwanted noise.
Fig. 1 shows the process of injecting a high-frequency signal
and the extraction of the current components. One of the
major limitations of carrier-signal-injection-based techniques
is unwanted distortion of the negative-sequence carrier-signal
current caused by unmodeled or incorrectly modeled secondary
saliencies, mostly saturation induced, which can result in no-
ticeable rotor position estimation errors, and even in instability
problems. When multiple saliencies are to be tracked, precise
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Fig. 1. Injection of a high-frequency voltage and extraction of current
components.

knowledge of their origin and behavior is needed to extract the
position of each one [4], [5], [7]. A second source of distortion
of the negative-sequence carrier-signal current is the distortion
of the injected carrier voltage caused by the pulsewidth-modu-
lation (PWM) inverter nonlinearities, which will also produce
additional components of the negative-sequence carrier-signal
current corrupting the signal containing information related to
the position of the rotor and/or flux.

III. INVERTER NONIDEAL BEHAVIOR EFFECTS IN

HIGH-FREQUENCY SIGNAL INJECTION

Distortion of the negative-sequence carrier-signal current
containing the rotor position information can be caused by
unmodeled saliencies or by distortion in the injected high-fre-
quency voltage. Such distortion can cause errors in the estimated
position.

In [4]–[6], distortion in the negative-sequence carrier-signal
current was shown in the time domain when the phase currents
crossed zero. As this distortion was not observed when a linear
inverter was used to supply the motor, and it increased with
deadtime, it was attributed to inverter deadtime in [4]. Some
of the results of [4] are reproduced in Fig. 2. Fig. 2(a) shows
the phase current after the carrier signal has been removed. No
distortion is observed in these currents even though no dead-
time compensation was used in the current regulators. The neg-
ative-sequence carrier signals, shown in the negative-sequence
carrier-signal current reference frame, for 2 and 4 s deadtime,
are shown in Fig. 2(b) and (c), respectively. Significant distor-
tion is evident in the negative-sequence carrier-signal reference
frame when any of the phase currents cross zero. In addition,
the detrimental effect of increasing deadtime is also clear.

The same effect was observed in [5]. In that case, the high-fre-
quency voltage was measured, and distortion was observed in
the high-frequency injected voltage with respect to its com-
manded value whenever the phase current crossed zero. Inverter
clamping is the name used for that type of inverter nonlinearity,
which was attributed in [15] to variations in switch turn-on and
turn-off times at low current levels. A method for compensating
this distortion, named space modulation profiling, was proposed
in [5], based on a torque- and flux-dependent two-dimensional
lookup table. Moreover, no deadtime effect was observed when
fundamental current was not injected.

Improvements in rotor position estimation were investigated
in [6] for the case of surface-mounted permanent-magnet
machines (SMPMs), using different deadtime compensation

Fig. 2. (a) Phase currents (after filtering off the carrier-signal current) and (b),
(c) negative-sequence carrier-signal current components for two different values
of the deadtime in the inverter, shown in the negative-sequence carrier-signal
reference frame. A 0.75-kW induction motor was operated with constant
excitation and rotor speed frequencies of ! = 1 Hz and ! = 1:5 Hz, a
fundamental current of ji j = 2:64 A, and a carrier voltage of V = 7 V. A
current-regulated pulsewidth-modulated inverter with a switching frequency of
15 kHz, and carrier frequency of 535 Hz was used. (a) i ; i ; i (A). (b)
i ; i , (mA) 2 �s deadtime, CRPWM, 5.5-kHz LPF. (c) i ; i (mA)
4 �s deadtime, CRPWM, 5.5–kHz LPF.

methods. The same distortion as in [4], [5] was observed in
the high-frequency output voltages and currents when the
phase currents crossed zero. Using the fundamental component
compensation method of [18], reduction in the high-frequency
distortion was not achieved. In contrast, a significant im-
provement in position estimation was reported when using the
deadtime compensation method proposed in [16].

IV. INVERTER VOLTAGE ERROR MECHANISMS

Several inverter nonlinearities caused by the nonideal be-
havior of the switching devices have been studied, and different
compensation methods reported [8]–[27]. The most relevant
nonlinearities are the following.

• Deadtime, also known as shoot-through delay [15], [23],
dwell time, or interlock time [10], is described in [9]–[26].
Deadtime is needed to prevent the dc link from being short
circuited when the two devices of a leg of the inverter are
switched. Its effects can be seen in Fig. 3. When the switch
state of a leg changes, a delay time must be given for the
switch initially on to turn off before the other switch is
turned on. During that time, both switches are off, the
states reflected in Fig. 4(c) and (d). This delay time gen-
erates short voltage error pulses of a constant amplitude
and width in the output voltage of one inverter leg, with
respect to the commanded voltage value. The sign of the
error pulse is the opposite of the current polarity in that
leg.

• Turn-on and turn-off times of the IGBT’s are the time
that the switch takes to turn on or off (fully conduct or
fully block the current, respectively) from when it is com-
manded to do so. Some of the proposed compensation
methods for deadtime include solutions for this problem
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Fig. 3. Simulation. Phase current and voltage error (3). jv j = 27 V ! Hz.
No carrier signal. An RL load is used. R = 0:82 
 L = 5:5 mH. Deadtime:
T = 2 �s. Switching time: T = 100 �s. Simulation step: T = 90 ns.

Fig. 4. Possible instantaneous output voltages depending on the current
direction and switching state, (a) V = V � v . (b) V = V + v .
(c) V = V + v . (d) V = �v . (e) V = v , (f) V = �v .

[18], [23], [25], though in other cases its effects are ne-
glected [10].

• Parasitic capacitance of semiconductors causes changes
in the slope of the rising and falling edges of the output
voltage when the current is very small due to the fact
that the current charges up the parasitic capacitance of
the diodes [14] or switches [15] prior to flowing through
the diode. Turn-on and turn-off times are also affected by
these capacitances in such a way that switching times and
parasitic capacitances combine to produce a unique dis-
tortion effect in the output voltage in the low-current re-
gion.

• Zero-current clamping occurs when a phase current nears
zero during the deadtime [13], [14], [21], [25], [26], and
is caused first by the extinction of the current in the free-
wheeling diode, resulting in the phase leg being discon-
nected from the bus during a portion of the deadtime pe-
riod, and second, by the larger commutation times at low
current levels due to the nonideal nature (parasitic capac-
itance) of the diodes [14]. This is especially important
for low-frequency signals, which remain in the zero-cur-
rent-clamping region much longer [13].

• Voltage drops in the semiconductors (i.e., insulated gate
bipolar transistors (IGBTs) and diodes) are another source
of error in the injected voltage. They can be modeled as a
constant voltage plus an equivalent resistor and compen-
sated by using models [8], [18], [25] or lookup tables [23].

• Short pulse suppression appears when the commanded
pulse is shorter than the deadtime [17]. This is not gener-
ally an issue in self-sensing methods, as they are typically
only employed at low speeds where modulation indexes
are far from the inverter voltage limit.

• Reference [27] adds contributions to voltage distortion
from power board components, long cables, and ac mo-
tors.

All these issues related to PWM generation have been studied
from the point of view of power transmission; however, a better
understanding is still needed of their relative importance when
high-frequency signal injection is used for saliency tracking pur-
poses.

The influence of the previous inverter modulation error
sources on the carrier-signal distortion were studied with the
aid of detailed SABER simulations. A three-phase inverter
feeding an R–L load ( mH) was used for
simulation purposes; experimental results with an induction
motor are presented in a later section.

Fig. 3 shows the voltage error (3) (voltage reference, ,
minus average output voltage per switching period, and
the current when a fundamental voltage reference of 27 V and
4 Hz is commanded to the inverter. A deadtime of 2 s, and
models for irg4ph40u IGBT and hfa15tb60 diode were used.
Three different zones are apparent in the plot. The error in zones
1 and 3 corresponds to the well-known deadtime effect, being
nearly constant and a function of the current polarity. This error
can be calculated using (4)

(3)

(4)

where is the switching time period; is the on-state time
of one single inverter leg; is the corresponding off-state
time; is the deadtime given to avoid shoot-through; is the
dc-link voltage; is the diode forward voltage drop; and is
the collector-to-emitter voltage drop in the IGBT. Voltage drop
in the semiconductors are often modeled as a constant voltage
plus a resistor [8], [18]. Though the voltage drop is often negli-
gible when compared with , it can become significant for
high-power devices; in those cases the resistance can be as-
sumed to be part of the stator resistance [8]. In most cases, using
the first term of the summations in (4) gives a good prediction of
the deadtime effect error (offset error). This statement becomes
more significant with increased dc-link voltages. The number of
terms in (4) is augmented if the rise and fall times of the IGBTs
are considered [18], [23], [25]. Rise and fall times increase with
current magnitude. Rise time is often small compared to fall
time, the difference being almost constant [18]. The different
flow paths for current are shown depending on the switching
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Fig. 5. Simulation. Inverter leg output voltage during deadtime for different
current levels. Simulation conditions as stated in Fig. 3. (a) IGBT gate signals:
solid line = top IGBT; dashed line = bottom IGBT. (b) Output voltage for
different current levels. (c) Phase current.

state of the IGBTs in Fig. 4. Using this graph, the errors given
by (4) are easily obtained. If the current is positive (i.e., flowing
from the inverter to the motor), during the on state the instanta-
neous output voltage in the inverter leg will be that in Fig. 4(a).
During the deadtime, Fig. 4(d) shows the path for the current.
Finally, during the off state, the output voltage will be that in
Fig. 4(f). When current is large enough in any direction, the
transition between the three different states is very fast and only
minor differences are observed due to rise and fall times.

In zone 2 of Fig. 3 the voltage error does not follow the ex-
pression given in (1). Beyond a certain magnitude of the cur-
rent, approximately 0.5 A in Fig. 3, the parasitic capacitance of
the diodes [14] and/or IGBTs [15] and the turn-off time of the
IGBTs play a fundamental role in the modulation. This effect is
seen in Fig. 5. In Fig. 5, output voltage corresponds to re-
gion 1 of Fig. 3 where the current is higher than approximately
0.5 A. For that case, the top IGBT turns off with some delay;
the bottom diode is quickly reversed and the voltage rapidly de-
creases to zero. For , the current magnitude is smaller, and
the voltage decay is slower. In and , a lower current
stresses this behavior. In the limit, when current is zero, voltage
stays high until the bottom IGBT turns on.

Two regions are easily seen in the output voltages of Fig. 5
once the top IGBT gate signal is turned off. The first region
has a delay in which the voltage stays high. A lower current in-
creases this delay. The second region starts when voltage slope
rapidly changes. A lower current decreases this slope. A sim-
ilar behavior, but with raising voltage slopes, is seen when the
bottom IGBT is turned off.

This makes the voltage error decrease. In [15], it was stated
that the rate of change of voltage and, thus, the voltage error,
is inversely proportional to the capacitance and directly pro-
portional to the current. In [16], a linear model describing the
voltage error as a function of the current was introduced for low
values of current. This will be explained next in detail.

In [28], the turn-off process was modeled in three time in-
tervals: a delay time period, a fall time, and a so-called tail
time interval. During the delay time, the current remains flowing
through the IGBT; during the fall time, current is transferred to
parasitic capacitor; this period increases the total turn-off time
for larger current levels. Beyond a threshold current limit (tail
current level), the current decreases more slowly due to device
internal construction.

The IGBT turn-off process is always referred to as current
extinction, while collector-to-emitter voltage and, consequently,
output voltage, will depend on the application. In three-phase
inverters, the process in the low-current region is the following:

• During the delay time, the output voltage keeps constant.
This time will be similar for the relevant small current
levels.

• During the fall time, current is transferred from the switch
to the parasitic capacitances, both from the top and bottom
devices. The voltage rate of change in the output will
depend on the current level and the capacitance, and it
will be the same (except for the sign) for the collector-to-
emitter voltage of the top and the bottom IGBTs (5)

(5)

where is the current flowing through the top
or bottom capacitances, and and are the top
and bottom capacitances. The total current will be that
flowing through the switch and the parasitic capacitances
(6)

(6)

The IGBTs parasitic capacitances decrease with increased
collector-to-emitter voltage [29].

At the beginning of current transfer to the capacitances, the
collector-to-emitter voltage in the top IGBT is low. This makes
this capacitance dominant and most of the current will be trans-
ferred to it and, thus, the voltage derivative will be low. The
output voltage will remain constant at the dc-bus voltage.

When the collector-to-emitter voltage increases in the top
IGBT, its capacitance decreases abruptly in a nonlinear fashion.
At this point, both top and bottom capacitances take a sim-
ilar magnitude and the voltage derivative increases. This cor-
responds to the end of the delay and the beginning of the nearly
linear voltage fall. Low currents, therefore, will increase the
delay in the voltage fall and, in addition, diminish its slope.

The current level at which the error decreases will depend
on the stray capacitances of the devices. Different current limits
have been found using different IGBT models.

The current-clamping effect is also apparent in zone 2 of
Fig. 3 at low current levels. In [13] and [16], this effect is at-
tributed to the extinction of the diode current. In this case, the
voltage in the inverter leg output becomes uncontrolled and it
is governed by the back-EMF voltage. A second explanation,
given in [16], is the parasitic capacitances explained in the pre-
vious paragraph, which apparently agree with the simulations
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Fig. 6. Simulation. Injection of a high-frequency voltage. Top: voltage
command, current, and output voltage. Bottom: voltage error and current.
jv j = 8:1 V. , ! = 500 Hz. No fundamental. An RL load is used.
R = 0:82 
 L = 5:5 mH. Deadtime: T = 2 �s. Switching time:
T = 100 �s. Simulation step: T = 90 ns.

Fig. 7. Simulation. Injection of fundamental and high-frequency voltage.
Top: voltage command, current, and output voltage. Bottom: voltage error and
current. jv j = 27 V. ! = 4 Hz. jv j = 8:1 V. ! = 500 Hz. A RL load
is used. R = 0:82 
 L = 5:5 mH. Deadtime: T = 2 �s. Switching time:
T = 100 �s. Simulation step: T = 90 ns.

carried out. In the first case, there is always a path for small
currents through the parasitic capacitances, so that blocking of
the current is prevented. In Fig. 5, phase current crosses
zero during deadtime. This clamping effect will not be seen in
high-frequency voltages.

V. HIGH-FREQUENCY CARRIER VOLTAGE DISTORTION CAUSED

BY THE NONIDEAL BEHAVIOR OF THE INVERTER

In this section, the origin of the distortions seen in the neg-
ative-sequence carrier-signal current reported in [4]–[6] is ex-
plained. Fig. 6 shows a simulated waveform of the currents and
voltages when a carrier voltage is injected, with no fundamental
voltage. Because of the low amplitude and relative high fre-
quency of the injected carrier voltage, the resulting high-fre-
quency current is within the range of zone 2 of Fig. 3. The
voltage error waveform is of the same frequency and in phase
with the high-frequency current. Hence, the output voltage is
a waveform at the same frequency as the commanded voltage
but with a different amplitude and phase. The frequency of the
current remains unaltered, and because the high-frequency in-
jection is open loop, there is no apparent distortion of the type
reported in [5]. It should also be noted in Fig. 6 that no clamping
is produced when the high-frequency current crosses zero.

Fig. 7 shows a simulation in which both fundamental (open
loop) and carrier voltages are commanded. When the current

magnitude is large enough (at the beginning and the end of the
plot) the voltage error remains approximately constant, only
a small variation due to the resistive component of the semi-
conductors being observed. When the phase current crosses the
band where the parasitic capacitance of the semiconductors in-
fluence the output voltage, the voltage error is modulated at
the carrier-signal frequency. The distortion seen in the carrier
signal in [4]–[6] is then explained as follows. When the current
is large enough (above approximately 0.5 A in Fig. 7), there
is no relative distortion in the high-frequency voltage. When
the fundamental current approaches zero, the carrier-signal cur-
rent is modulated by a voltage error at the carrier frequency,
causing a decrease in the carrier current magnitude and a phase
lag. Current regulators, if they exist, will cancel the zero-cur-
rent clamping making current cross zero faster and, therefore,
the distortion will be shorter in time. It is noticeable that current
clamping appears in Fig. 7 for fundamental current, although in-
stantaneous current is continuously crossing zero. This is not in
agreement with the explanation of current blocking when cur-
rent goes to zero during the deadtime.

From this analysis, it can be concluded that most of the con-
ventional compensation methods will fail to prevent the non-
ideal behavior of the inverter from causing a distortion of the
injected high-frequency voltage when phase currents are nearly
zero, with the exception of the method in [16] which takes into
account the parasitic capacitances in compensating for clamping
in phase currents. This would explain the improvement seen in
[6] when using that method. Two software-based solutions are
proposed in [16] for the zero-current-clamping region. The first
one estimates the point at which current crosses zero and the
back-EMF voltage and calculates a compensation voltage based
on the motor model. The second solution uses a linear model of
the voltage error once the current goes beyond a threshold level
to compensate for it. Nevertheless, the proposed model for cur-
rent regions close to zero is too simple according to the expla-
nation given in Section IV, and it will be discussed in detail in
Section VII.

VI. EXPERIMENTAL RESULTS

Simulation results presented so far were experimentally con-
firmed in a test rig consisting of a three-phase inverter, using
Semikron SKM 50GB123D IGBT modules driving a 0.75-kW
induction motor. Semikron SKHI 22 A drivers were used to gen-
erate gate signals. Control of the inverter was implemented in
a dSpace DS1102 DSP board. Custom printed circuit boards
(PCBs) were designed for interfacing and current sensing. A
second inverter with different IGBTs is used for comparison.

Fig. 8 shows the change in the falling slope of one inverter leg
output voltage during the deadtime for different current levels.
This behavior is in agreement with the simulation in Fig. 5.

A similar process is followed by the rising output voltage, in
Fig. 9, for negative current levels. From Figs. 8 and 9, it can be
concluded that the voltage error in the low-current region will
be almost symmetric for negative and positive currents.

According to this behavior, the voltage error is only depen-
dent on the current level for a given device. To demonstrate this
statement, Fig. 10 shows a comparison for two different cur-
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Fig. 8. Experimentally measured. Output voltage falling edges, during
deadtime, with different current levels. Deadtime: T = 4:8 �s. Switching
time: T = 200 �s. Sampling time: T = 10 ns. (a) IGBT gate signals:
smooth line = bottom IGBT; quantized line = top IGBT. (b) Output voltage
for different current levels. (c) Phase current.

Fig. 9. Experimentally measured. Output voltage rising edges, during
deadtime, for different current levels. Deadtime: T = 4:8 �s. Switching time:
T = 200 �s. Sampling time: T = 10 ns. (a) IGBT gate signals: smooth
line = bottom IGBT; quantized line = top IGBT. , (b) output voltage for
different current levels. (c) Phase current.

rent levels with two different voltage commands. In Fig. 10(a),
output voltage rising edges are shown with similar negative cur-
rent magnitude. In Fig. 10(b), the same experiment is carried
out for falling edges and a positive current magnitude. In both
cases, similar voltage slopes are, respectively, observed.

Similar tests were conducted using a second inverter, dc-bus
voltage of 200 V, and a deadtime of 2 s. Fig. 11 shows the re-
sults. Though similar to those obtained with the first inverter,
some differences are observed. For the second inverter, the gate
signals were not available, so command signals to the IGBT
drivers are sampled instead. This explains the extended delay

Fig. 10. Experimentally measured. Output voltage, during deadtime,
for different injection conditions and similar current levels. Deadtime:
T = 4:8 �s. Switching time: T = 200 �s. Sampling time: T = 10

ns. (a) Output voltage for similar negative current levels. Rising edges.
V : V = 50 V. ! = 5 Hz==V : V = 45 V. ! = 5 Hz + V = 20

V. ! = 500 Hz. (b) Output voltage for similar positive current levels.
Falling edges. V : V = 50 V. ! = 5 Hz==V : V = 45 V.
! = 5 Hz + V = 20 V. ! = 500 Hz. (c) Phase current.

Fig. 11. Experimentally measured. Output voltage falling edges, during
deadtime, with different current levels. Deadtime: T = 2 �s. Switching time:
T = 66:6 �s. Sampling time: T = 50 ns. (a) IGBT command signals:
solid line = top IGBT; dashed line = bottom IGBT. (b) Output voltage for
different current levels. (c) Phase current.

seen in the output voltage, which can be considered another
source of error [27]. For that inverter, the bottom IGBT will
switch on before the slope of voltage had changed for very low
currents. Thus, there will be an extended zone around 0 A in
which the error will be nearly zero. In Fig. 12(b), and
are equal in practice, whereas their current magnitudes are dif-
ferent.

Fig. 12 shows the injection of a fundamental and carrier
voltage. The voltage error changes depending on the current
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Fig. 12. Experimentally measured. Injection of fundamental and carrier
voltage. V = 45 V. ! = 5 Hz + V = 20 V. ! = 500 Hz. Deadtime:
T = 4:8 �s. Switching time: T = 200�s. Sampling time: T = 200 ns.

Fig. 13. Experimentally measured. Injection of a high-frequency carrier
signal. jv j = 20V. ! = 1000Hz. No fundamental. Deadtime: T = 4:8 �s.
Switching time: T = 200 �s. Sampling time: T = 10 ns.

level. For high positive or negative current this error is an offset.
In this period no voltage error is introduced in the carrier signal,
and conventional compensation methods could compensate for
that error. When current approaches zero, a modulation of the
error is produced and a more precise compensation is required.
This agrees with the simulation in Fig. 7.

Figs. 13 and 14 show the injection of a carrier-signal voltage
at 1000 and 500 Hz, respectively. To obtain carrier currents of
about 100-mA peak, carrier voltages of 20- and 40-V peak were
used. In this case, the error produced does not distort the voltage
to the same degree as in the simulation of Fig. 6, due to the
voltage command being much larger in order to obtain a sim-
ilar current level. The voltage distortion is relatively larger for
slower frequencies (Fig. 14) as smaller voltage command am-
plitudes are used in order to keep an adequate volts/hertz mag-
nitude.

Fig. 14. Experimentally measured. Injection of a high-frequency carrier
signal. jv j = 20 V. ! = 500 Hz. No fundamental. Deadtime: T = 4:8 �s.
Switching time: T = 200 �s. Sampling time: T = 10 ns.

VII. DEVELOPMENT OF DEADTIME COMPENSATION METHODS

From the previous analysis, the expected performance of al-
ready existing methods to compensate for the inverter nonideal
behavior, as well as the required properties for new methods that
could be developed, can be derived.

Most of the described methods [9]–[15], [17]–[26] do not take
into account changes in the output voltage slope during dead-
time in the low-current region. Thus, these methods are not ex-
pected to improve the carrier-signal generation.

In [16], two approaches are investigated for deadtime com-
pensation in the zero-current-clamping or low-current region.
The first one is based on the assumption that current is clamped
to zero when it crosses zero during the deadtime. Improvements
in rotor position estimation using this compensation method are
reported in [6].

The second approach is based on the fact that the actual
voltage switching depends on the current magnitude due to
device parasitic capacitances. This method realizes that, from
a certain current threshold level, the voltage error is a func-
tion of the current. The compensation strategy is based on a
current-dependent voltage error linear function, used from the
threshold level. In [6], it is not clarified if the first method is
complemented with this approximation, though only the first
method is explained.

Zero-current clamping has not been seen as the origin of the
distortions, either for the case when only the carrier voltage is
injected or for when both carrier and fundamental voltages are
injected. Accordingly, efforts in its compensation are not ex-
pected to noticeably reduce the distortion of the carrier-signal
voltage reported.

It has been shown that the output voltage slope during the
deadtime and, thus, the voltage error, depend on the current.
For a given switching period, the error will depend on the cur-
rent level in both edges of the voltage pulse. During most of
the switching periods, the current will not cross zero and only
the current magnitude in the falling edge will be required for
positive values of the current, or, in the rising edge for negative
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values of the current. When the current crosses zero, both levels
will be very close to zero if the switching frequency is large
enough, which will be the case in modern drives. In this case,
the voltage slope in both edges will be, in practice, the same as
with zero current; this is especially true with small deadtimes,
as for the case shown in Fig. 11.

From these observations, it can be concluded that the second
method proposed in [16] is a good candidate for compensating
distortion in the carrier signal, although some additional im-
provements are also proposed as follows.

The voltage error linear model should be changed to a non-
linear analytical function depending on the current level, the
dc-bus voltage magnitude, the deadtime, and the power device
characteristics. Alternatively, a lookup table could be used only
for the current region affected by parasitic capacitances.

Current prediction should be focused on the beginning or end
of the pulse depending on the sign of the current. If a change
of polarity is detected in a switching period, no compensation
would be required. According to the simulations and experi-
ments, the current remains almost constant during the deadtime.
Thus, its prediction during that period of time is required.

The improved method has not yet been implemented. The
most significant difficulties are expected in current sensing and
in its prediction, which is a common issue in all deadtime com-
pensation methods, although most of them only require polarity
determination.

VIII. CONCLUSION

High-frequency carrier-signal injection commonly used for
zero-frequency sensorless control is an open-loop process that
will require precise voltage generation. The fundamental com-
ponent current regulator will minimize the distortion seen in the
fundamental voltage, but not in the carrier voltage.

Errors in the injected high-frequency voltage will exist when
inverter nonlinearities are not taken into account. Furthermore,
such errors can produce fictitious saliencies, i.e., components
of the negative-sequence carrier-signal current whose physical
origin is not a saliency in the machine and which could eventu-
ally cause incorrect modeling of saturation-induced saliencies.

A detailed analysis of the inverter nonideal characteristics,
which have an impact on the carrier signal, has been presented.
The effect of parasitic capacitances of the power devices during
the deadtime has been found to be the main contributor to car-
rier-signal distortion. This effect is seen as a nonlinear voltage
error modulation in phase with the phase current for low-mag-
nitude currents. It is caused by the different charging times of
the parasitic capacitances depending on the current magnitude.

From this study, requirements for deadtime compensation
methods suitable for high-frequency carrier-signal voltage
injection have been derived. Most conventional compensation
methods are believed to fail to compensate for carrier-signal
distortion as they do not take into account, or neglect, the effect
of parasitic capacitances. The method in [16] approximates the
required solution although possible improvements are proposed
based on a nonlinear model of the voltage error or by using an
appropriate lookup table.
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