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Inverter Nonlinearity Compensation Through
Deadtime Effect Estimation

Joon-Hee Lee , Student Member, IEEE, and Seung-Ki Sul , Fellow, IEEE

Abstract—This article proposes a method to compensate for the
nonlinearity of an inverter through the estimation of the dead-
time effect. The deadtime effect varies with the manufacturing
tolerance of the inverter circuit itself and operating conditions,
such as conducting current, dc-link voltage, and temperature.
For the accurate compensation of the nonlinearity, the effect of
the deadtime should be estimated in realtime. That effect on the
control of the inverter is significantly affected by the pulsewidth
modulation (PWM) scheme because the deadtime occurs only at
the switching instant of the inverter, and the PWM scheme solely
decides the switching. The proposed method exploits the difference
of voltage error from the deadtime effect according to different
PWM schemes. By comparing the effects with two different PWM
schemes, namely continuous PWM and discontinuous PWM, the
voltage error to a specific inverter caused by the deadtime can be
identified. Several experimental tests are carried out to verify the
validity of the proposed method. The results reveal that the voltage
error due to the deadtime can be identified in the range of 100 mV
at 300-V dc link. It is equivalent to 30 ns resolution in deadtime.

Index Terms—Deadtime effect, feedforward control, inverter
nonlinearity, pulsewidth modulation (PWM).

I. INTRODUCTION

ADEADTIME refers to an intentional blanking of the gat-
ing signals of two switches in an inverter leg to prevent

shoot through. Thus, the output voltages of the inverter become
different from the voltage references, and it results in the voltage
error to the load. Additionally, the ON-state voltage drop of the
power semiconductor switches also results in another voltage
error. Such voltage errors can be called the inverter nonlinearity
effect (INE).

The INE causes the output voltage distortion of the inverter,
and the harmonics in output currents increase due to the voltage
distortion. Also, the voltage reference of the inverter, which is
usually used for control purposes, such as input to the observers
of the control loop [1], [2], would be different from the actual
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output voltage to the load. The difference would degrade the con-
trol performance of the motor drive system severely, especially
in the case of parameter estimation [3], model-based sensorless
drive [4], [5], and the stability of V/F control of an induction
motor (IM) [6].

To overcome this, there have been lots of research articles
dealing with the compensation of the INE. Some attempts
intentionally modify the gating signal [7], [8] or the voltage
reference for compensation. The modifications were based on
the information of the devices given by manufacturers, ana-
lytic approach considering parasitic capacitance and snubber
capacitance [9], [10], and measured experimentally [11]. Those
were implemented through fitting function [12] and lookup
table based compensation [13]. However, to guarantee the per-
formance of the compensation on broad operating conditions,
it required lots of pretests and memories to store. The others
utilized the disturbance observer, which regarded the INE as a
disturbance [14]–[16]. It was expected to track the disturbance in
a wide operating range. Still, it needs electrical parameters of the
system, such as inductance and back electromotive force (EMF)
constant of motor, which could vary depending on operating
conditions and manufacturing tolerance [14], [15].

Therefore, in this article, an INE compensation method is
proposed, which covers broad operating conditions by identi-
fying the variation of deadtime effect online. It is based on the
fact that the deadtime effect becomes different depending on
the pulsewidth modulation (PWM) schemes. Unlike the other
methods, it does not require any electrical parameter, such as
inductance and back EMF constant, but tracks the variation
of deadtime effect in a wide range of current operating points
during the drive system operation. Also, the analytic study of
the deadtime effect with different PWM schemes is introduced
to improve the performance of the proposed compensation. The
validity of the proposed method is verified by the experimental
test.

In addition to the previously presented work [17], this article
provides the following.

1) A feedforward-based deadtime effect identification
method to improve dynamic performance.

2) The experimental result with different inverters and IMs
in various operating conditions.

II. INE WITH DIFFERENT PWM SCHEMES

A voltage error δvxn due to the INE in a leg in Fig. 1 can
be defined as (1), where vxn∗ stands for the x-phase pole
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Fig. 1. One leg of an inverter.

Fig. 2. Voltage error from inverter nonlinearity.

TABLE I
PARAMETERS OF TARGET INVERTER

voltage reference and vxn for the actual output voltage. Here,
the subscript x means a specific phase among three phases of the
inverter

δvxn
Δ
= v∗xn − vxn. (1)

Fig. 2 shows δvxn according to the phase current ixs based
on the parameters in Table I. δvxn can be divided into two
components, namely δvxn_SW and δvxn_DT. δvxn_SW comes
from the ON-state voltage of the switches and δvxn_DT from the
deadtime effect considering parasitic capacitances Cp of the leg.
Especially, δvxn_DT according to ixs can be expressed as

δvxn_DT(ixs)

=

⎧⎪⎨
⎪⎩

− 1
2
CoVDC

2

Tsw

1
ixs

− Td

Tsw
VDC, (ixs < −Ic)

Td
2

2CoTsw
ixs, (−Ic ≤ ixs < Ic)

− 1
2
CoVDC

2

Tsw

1
ixs

+ Td

Tsw
VDC, (Ic ≤ ixs)

(2)

which can be derived by the average volt-sec loss and gain during
deadtime in one switching period. Here, Co = 2Cp, the critical
current Ic = Co·VDC/Td, and Tsw is the switching period.

Meanwhile, the two components are different in the respect
that δvxn_SW exists because of the conducting current, ixs, in
the phase, while δvxn_DT does only on the phase switched ON

and OFF

v∗xn = v∗xs + v∗sn. (3)

The switching of each phase depends on the pole volt-
age reference, vxn∗ in (3), which is determined by a phase
voltage reference vxs∗ and an offset voltage vsn∗. Since vsn∗

varies according to different PWM schemes, vxn∗ and, thus,
the switching of each phase become different even with the
same vxs∗. Fig. 3 shows van∗, δvan, δvan_SW, and δvan_DT with
different PWM schemes when vas∗ and ias are the same. Con-
tinuous PWM (CPWM) is applied in Fig. 3(a) and 60° discon-
tinuous PWM (DPWM) on Fig. 3(b). Here, CPWM refers that
v∗sn is set as (4) and DPWM is as (5). v∗max and v∗min mean the
maximum and minimum phase voltage reference among three
phases

v∗sn = −(v∗max + v∗min)/2 (4)

v∗sn =

{
Vdc/2− v∗max (v∗max + v∗min) ≥ 0
−Vdc/2− v∗min (v∗max + v∗min) < 0.

(5)

In Fig. 3, δvan_SW exists for the entire period regardless of
PWM schemes because it is only determined by ias. However, in
the case of δvan_DT, it is affected by van∗ as well as ias because
the switching does not occur in the clamped phase in DPWM.
Thus, δvan_DT appears for the whole period with CPWM, while
it becomes zero with DPWM when van∗ is clamped to VDC/2 or
−VDC/2.

The conceptual circuit diagram of the motor drive system
is described, as shown in Fig. 4. The motor is simplified as
resistance Rs, phase inductances Lxs, and back EMF Exs. The
inverter is expressed as voltage sources δvxn_SW and δvxn_DT in
each phase. It is noted that δvxn_DT is a variable voltage source
depending on the PWM scheme.

III. PROPOSED INE COMPENSATION METHOD I
WITH TRACKING VARIATION OF DEADTIME

EFFECT–FEEDBACK METHOD

In the voltage error caused by INE, the error by the deadtime
effect usually takes a larger portion than that by the ON-state
voltage drop. The error by the deadtime effect varies with
operating conditions, such as dc-link voltage, current at the
switching instant, device tolerance, including gating circuit, and
temperatures [18]. Thus, to ensure the reasonable performance
of the compensation of INE, the variation of deadtime effect
should be identified online. The effective deadtime is affected
not only by the preset deadtime but also by the turn-ON/OFF

delay of the device and gate drive circuit, which highly depends
on the device temperature. In other words, the effective deadtime
Td,eff expressed as Td + Ton − Toff would vary due to several
unpredictable reasons. Considering the effective deadtime, Td

in (2) can be replaced as Td,eff.
Fig. 5 shows the current control block diagram of an IM

drive system containing the proposed INE compensation and
vsn∗ calculation part. In this diagram, the INE of the PWM
inverter is modeled as a disturbance voltage term, δvabc, which
consists of δvabcn_SW and δvabcn_DT, as shown in Fig. 4.
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Fig. 3. Pole voltage, phase current, and voltage error. (a) CPWM. (b) 60° DPWM.

Fig. 4. Conceptual circuit diagram of controller–inverter–motor drive system.

To compensate INE, in the proposed part, the phase voltage ref-
erence vabcs

∗ is converted intentionally to pole voltage reference
vabcn

∗∗ according to CPWM and DPWM. As aforementioned in
Section II, δvabcn_SW exists on all phases conducting current,
while δvabcn_DT does only on the phase switched ON/OFF.
Thus, the proposed method in Fig. 6 separates the compensation
of each part into before/after vsn∗ calculation. At first, the com-
pensations of δvabc_SW are added on all vabcs

∗, and vabcn
∗

is determined with vsn∗ calculation. Then, the compensation
of δvabc_DT is added on vabcn

∗ except the clamped phase of
DPWM to generate the final pole voltage reference vabcn

∗∗.
Thus, the proposed method can compensate for the INE regard-
less of PWM schemes.

To track the variation of the deadtime effect, δv̂abc,DT is
adjusted online, while δv̂abc,SW is set as a fixed function. For a
simple implementation, δv̂abc,SW and δv̂abc,DT are modeled
as

δv̂xn_SW = V̂sat,SW · sign(ixs)
δv̂xn_DT = 2/π · V̂sat,DT · atan(K̂DTixs) (6)

where the variables with “ˆ” mean the estimated value. In (6),
V̂sat,SW can be determined from the device datasheet, and it is
fixed as a constant value, even though it also varies according
to the device temperature. And, K̂DT can be set by a simple
experimental test. Since K̂DT is highly affected by the output
parasitic capacitance of the inverter, which does not vary with
temperature, it can be set as a fixed value too.

Meanwhile, if the deadtime effect is not compensated cor-
rectly, the current controller adjusts ve∗

dqs to cancel out the
disturbance. To elaborate this, it is assumed that there is no
compensation of INE. Then, the voltage output of the current
controller ve∗

dqs can be expressed as

ve∗
dqs = ve∗

dqs,MOT + δve
dqs,SW + δve

dqs,DT. (7)

ve∗
dqs has three components, ve∗

dqs,MOT, δve
dqs,SW, and

δve
dqs,DT. Based on Fig. 4, ve∗

dqs,MOT represents the compo-
nent to regulate the current in the motor. The δve

dqs,SW and
δve

dqs,DT represent the components to reject the disturbance
caused by the ON-state voltage drop and the deadtime effect.
Since the current control is operated in a closed-loop manner,
ve∗
dqs should be adjusted to (7) in order to regulate the current

as desired. And, it is noted that the amount of adjustment in
ve∗
dqs would be different with different PWM schemes because

δve
dqs,DT itself is different in the case of CPWM and DPWM.

The principle of online tracking of the deadtime effect is based
on this difference.

Fig. 7(c) shows the conceptual diagram of the operation of
the estimator, which assumes that Td,eff increases from its initial
value due to the variation of the operating conditions. Thus, the
magnitude of δvabc,DT also increases because the magnitude of
δvxn_DT in (2) is highly related to Td,eff. To detect the variation
of δvabc,DT, the proposed method alternates the PWM scheme
between CPWM and 60° DPWM, while the speed and current
reference are fixed. Then, the output voltages from the current
controller, ve∗ds and ve∗qs, increase in CPWM and decrease in
DPWM because δve

dqs,DT with CPWM is larger than that with
DPWM. To ignore the influence of harmonics in output voltages
and to take the variation of dc component, low-pass filters (LPF)
are applied to ve∗

dqs. The cutoff frequency ωc is designed as (8)
to attenuate the sixth harmonics in the output voltages. Also,
the duration of each PWM TPWM is set considering the settling
time of LPF as (9)

ωc =
6ωe

10
(8)

TPWM =
5

ωc
. (9)
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Fig. 5. Current control block diagram in an IM drive system.

Fig. 6. Proposed inverter nonlinearity compensation and vsn∗ calculation block.

After one alternation of the PWM scheme, the proportional-
integral (PI) controller is triggered, and it takes ΔvPWM as an
error to update V̂sat,DT value. ΔvPWM is defined as

ΔvPWM = (vd,CP + vq,CP)− (vd,DP + vq,DP) (10)

where vd,CP, vq,CP, vd,DP, and vq,DP are the sampled values at
the end of each PWM scheme, as shown in Fig. 7(c)

As V̂sat,DT reaches the actual value, the filtered value of ve∗
dqs

becomes the same regardless of PWM schemes because the INE
is correctly compensated with the proposed method.

IV. PROPOSED INE COMPENSATION METHOD II
WITH TRACKING VARIATION OF DEADTIME

EFFECT–FEEDFORWARD METHOD

Generally, the dynamic performance of the estimator, both
with feedforward and feedback methods, can be significantly
improved compared with that of the estimator only with the
feedback method. Thus, in this section, a novel calculation
method of the feedforward term, V̂sat,DT,FF, in Fig. 7(a) is
proposed.

A. Fundamental Component Calculation of δv̂xn_DT

The proposed feedback-based estimation method in
Section III is based on ΔvPWM in (10). Since ΔvPWM

utilizes the filtered signals of ve∗
dqs, ΔvPWM is highly related to

the fundamental component of δv̂xn_DT, which changes with
ixs and PWM methods. In other words, ΔvPWM can be directly
calculated if a fundamental component of δv̂xn_DT is known.

Fig. 8 shows v∗an, ias, and δvan_DT of CPWM and DPWM
with various current angles φi. When v∗xn is aligned to ωt =
0° and ixs is set as Imcos(ωt+φi), δv̂xn_DT with CPWM is
expressed as

δv̂xn_DT,CP(ωt) =
2V̂sat,DT

π
atan (K∗ cos(ωt+ φi)) (11)

where K∗ = K̂DTIm. Then, the fundamental component of
δv̂xn_DT,CP in phase of ixs, δv̂xn ,CP,Fund, is calculated with

δv̂xn ,CP,Fund

=
1

π

∫ ωt=π

ωt=−π

δv̂xn_DT,CP(ωt) · cos(ωt+ φi)d(ωt)

= V̂sat,DT · 8

π2
· f

(
K∗,

π

2

)
(12)

where f(K∗, ωt) is defined as

f(K∗, ωt) =
∫

{atan (K∗ cos(ωt)) cos(ωt)}d(ωt)
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Fig. 7. Vsat,DT estimator. (a) Block diagram. (b) Filtering process. (c) Con-
ceptual waveforms of signals in the block diagram.

= − 1

K∗

⎧⎪⎪⎨
⎪⎪⎩

−
√

K∗2 + 1 atan
(
K∗ −

√
K∗2 + 1 tan ωt

2

)
+
√
K∗2 + 1 atan

(
K∗ +

√
K∗2 + 1 tan ωt

2

)
+K∗ sinωt · atan (K∗ cosωt)− ωt

⎫⎪⎪⎬
⎪⎪⎭ .

(13)

Meanwhile, δv̂xn_DT with DPWM is expressed as

δv̂xn_DT,DP(ωt)

=

{
0 −π

6 ≤ ωt < π
6

2V̂sat,DT

π atan (K∗ cos(ωt+ φi)) otherwise.
(14)

Then, the fundamental component of δv̂xn_DT,DP in phase of
ixs, δv̂xn ,DP,Fund(φi), is

δv̂xn ,DP,Fund(φi)

=
1

π

∫ π

−π

δv̂xn_DT,DP(ωt) · cos(ωt+ φi)d(ωt)

= V̂sat,DT · 4

π2
· g(K∗, φi) (15)

where g(K∗, φi) is defined as

g(K∗, φi)

=

⎧⎪⎪⎨
⎪⎪⎩
f
(
K∗, φi +

π
6

)−f
(
K∗, φi+

5π
6

) (−π
2 ≤ φi < −π

3

)
f
(
K∗, π

2

)− f
(
K∗,−π

2

)
−f

(
K∗, φi +

π
6

)
+ f

(
K∗, φi − π

6

) (−π
3 ≤ φi <

π
3

)
f
(
K∗, φi − π

6

)− f
(
K∗, φi − 5π

6

) (
π
3 ≤ φi ≤ π

2

)
.

(16)

It is noted that δv̂xn ,CP,Fund is constant regardless of current
angle φi, while δv̂xn ,DP,Fund(φi) is a function of φi because
δv̂xn_DT with DPWM is clamped to zero when ωt is within
(−π/3, π/3).

To calculate ΔvPWM, δv̂abcn ,x,Fund(x = CP or DP) is
converted to δv̂i

dqs,x,Fund (φi) as

δv̂i
dqs,x,Fund(φi) = R(−φi)Tαβ

⎡
⎣ δv̂ian ,x,Fund

δv̂ibn ,x,Fund

δv̂icn ,x,Fund

⎤
⎦

=

[
cosφi sinφi

− sinφi cosφi

] [ 2
3 − 1

3 − 1
3

0 1√
3

− 1√
3

]⎡⎣ δv̂ian ,x,Fund

δv̂ibn ,x,Fund

δv̂icn ,x,Fund

⎤
⎦

(17)

where superscript i means the reference frame aligned to φi.
Also, R and Tαβ stand for the rotating and Clarke transformation
matrix, respectively. Fig. 9 shows the magnitude and phase
of δv̂i

dqs,CP,Fund (φi) and δv̂i
dqs,DP,Fund (φi) based on the

parameters in Table I. The magnitude of δv̂i
dqs,CP,Fund (φi) is

the same irrespective of φi and the phase is zero. That is, the
deadtime effect in the case of CPWM can be modeled as an
equivalent resistance [19], [20]

Req,CP =

∣∣δv̂i
dqs,CP,Fund

∣∣∣∣∣iidqs∣∣∣ =
δv̂ids,CP,Fund

iids
. (18)

However, the magnitude and phase of δv̂i
dqs,DP,Fund (φi)

vary with φi, so the deadtime effect with DPWM is not modeled
only as a resistance but as a sum of resistance and reactance,
such as

Req,DP =
δv̂ids,DP,Fund

iids
, Xeq,DP =

δv̂iqs,DP,Fund

iids
. (19)

B. Feedforward Term Calculation

Based on the equivalent impedance from the deadtime effect,
the feedforward term V̂sat,DT,FF can be derived. For derivation,
it is assumed that no INE compensation is applied in the cur-
rent control of IM. Adopting the equivalent impedance of the
deadtime effect, (7) in the case of CPWM is expressed as

ve∗
dqs,CP = ve∗

dqs,MOT + δve
dqs,SW +Req,CPi

e
dqs (20)

and that in case of DPWM as

ve∗
dqs,DP = ve∗

dqs,MOT + δve
dqs,SW

+ (Req,DP + jXeq,DP)i
e
dqs. (21)

Since (ve∗
dqs,MOT + δve

dqs,SW) term is the same for both
CPWM and DPWM, subtracting (21) from (20) and dot product
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Fig. 8. van∗, ias, and δvan,DT according to PWM method and current angle φi. (a) CPWM, φi = 0°. (b) CPWM, φi = 30°. (c) CPWM, φi = 60°. (d) DPWM,
φi = 0°. (e) DPWM, φi = 30°. (f) DPWM, φi = 60°.

Fig. 9. δv̂i
dqs,CP,Fund (φi) and δv̂i

dqs,DP,Fund (φi). (a) Magnitude.
(b) Phase.

with unit current vector results in

ve∗
dqs,CP · iedqs∣∣∣iedqs∣∣∣ − ve∗

dqs,DP · iedqs∣∣∣iedqs∣∣∣

= Req,CP

∣∣iedqs∣∣−Req,DP

∣∣iedqs∣∣
= δv̂xn ,CP,Fund − δv̂xn ,DP,Fund(φi). (22)

Then, V̂sat,DT,FF can be achieved by substituting (12) and
(15) into (22) as

V̂sat,DT,FF =

ve∗
dqs,CP·iedqs

|iedqs| − ve∗
dqs,DP·iedqs

|iedqs|
4
π2 (2f(K∗, π/2)− g(K∗, φi))

(23)

where φi is achieved as

vi∗
dqs,DP = R(−θi)v

e∗
dqs,DP, θi = atan2(ieqs, i

e
ds)

φi = atan2(vi∗qs,DP, v
i∗
ds,DP). (24)

By adding V̂sat,DT,FF on the output of the proposed estima-
tion, the dynamic response can be improved.

V. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed compensation
method, an experimental setup is prepared based on 3.7-kW
IM drive system, as shown in Fig. 10. The parameters of the
inverter are listed in Table I, and those of IM are in Table II. For
a gate driver, TI ISO5852s is used.

First of all, a pretest is conducted to investigate the INE when
Td is set as 3 μs in normal condition, as shown in Fig. 11(a).
V̂sat,SW is set to 1 V according to the datasheet of the switch-
ing device. Also, V̂sat,DT and K̂DT are set to 8.3 V and 2.7,
respectively, which are well fitted to measure δvxn. Meanwhile,
according to the datasheet of gate driver [21], Td,eff would vary
up to ±0.3 μs depending on operating conditions. Thus, to
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Fig. 10. Experimental setup. (a) M-G set. (b) Inverter.

TABLE II
PARAMETERS OF IM

Fig. 11. Measured δvxn according to ixs. (a) Measured δvxn and the fitting
function. (b) Measured δvxn with various Td

∗ .

Fig. 12. First experimental result: ve∗
dqs variation with CPWM and DPWM.

confirm the accuracy of the proposed method, δvxn, according
to ixs, is measured again at Td

∗ = 3.3 and 2.7 μs, as shown in
Fig. 11(b). It reveals that the voltage error varies by 0.9 V with
0.3 μs of Td,eff variation.

Fig. 12 shows the first experimental result when the PWM
scheme alternates between CPWM and 60° DPWM without the
INE compensation. ieds and ieqs are regulated as rated values,
6 and 8 A, respectively. The speed is set as 750 r/min by the load
machine. As shown in the first trace, the a-phase pole voltage
reference, van∗, alternates in the period of TPWM between
CPWM and DPWM. With (8) and (9), ωc and TPWM are set
as 2π×15 rad/s and 53.1 ms, respectively. As shown in the
second trace, the current controller adjustsve∗

dqs to cancel out the
disturbance caused by the INE. Similar to Fig. 7(c), the average
value of ve∗ds and ve∗qs increases when the PWM scheme changes
from DPWM to CPWM because a fundamental component of
δvabc with CPWM is larger than that with DPWM.

The second experiment is conducted to verify the performance
of the proposed feedback-based V̂sat,DT identification when the
initial value of V̂sat,DT is set to zero, as shown in Fig. 13. After
the proposed method is activated, the PWM scheme is altered
between CPWM and DPWM, so the filtered values of ve∗ds and
ve∗qs are fluctuating in the fourth trace. Based on that, V̂sat,DT is
updated and converges to 8.3 V within 2.8 s in the second trace.
The third trace shows the δv̂an,SW and δv̂an,DT. By estimating
V̂sat,DT , δv̂an,DT increases to compensate the deadtime effect,
while δv̂an,SW is kept as the initial value. Fig. 14 shows the
magnified view of Fig. 13 for the specified regions. As shown in
Zoom-in II, δv̂an,SW is always applied even in DPWM, while
δv̂an,DT is only applied for the unclamped interval. The Zoom-
in III and IV show the current (ieds, ieqs) before and after the
proposed compensation. It is confirmed that the current ripple
has been remarkably reduced after the compensation. Thus, it
can be said that the proposed method tracks the correct value of
V̂sat,DT well.

The third experiment in Fig. 15 verifies the analysis of
δv̂i

dqs,CP,Fund (φi) and δv̂i
dqs,DP,Fund (φi) in Section IV. As

shown in Fig. 15(a), ieds and ieqs are regulated as

ie∗ds = 8 cos(φ∗), ie∗qs = 8 sin(φ∗) (25)



LEE AND SUL: INVERTER NONLINEARITY COMPENSATION THROUGH DEADTIME EFFECT ESTIMATION 10691

Fig. 13. Second experimental result: V̂sat,DT identification from zero initial
value with the feedback method.

Fig. 14. Magnified view of Fig. 13.

where φ∗ varies from −0.2π to 0.45π, and the speed is reg-
ulated as 300 r/min by the load machine. To see INE at dif-
ferent PWM schemes, INE compensation is not applied. Thus,
even ieds and ieqs , and speed are the same, the output of the
current controller ve∗ds and ve∗qs are different, as shown in the
second trace of Fig. 15(a). Meanwhile, δv̂i

dqs,CP,Fund (φi) and
δv̂i

dqs,DP,Fund (φi) are unable to be measured directly, so the
difference between them is achieved as

δv̂i
dqs,CP,Fund(φi)− δv̂i

dqs,DP,Fund (φi)

= LPF(vi∗
dqs,CP)− LPF(vi∗

dqs,DP) (26)

Fig. 15. Third experimental result. (a) Current and voltage reference with
different PWM schemes. (b) Difference between δv̂i

dqs,CP,Fund (φi) and

δv̂i
dqs,DP,Fund (φi): comparison of the analytic solution and experimental

result.

where x is the CP or DP. Here, φi is calculated from (24).
Fig. 15(b) shows the result, and the magnitude and phase of
the difference in (26). While the analytic result is expressed in
the entire φi from −90° to 90°, the experimental result is only
from −80° to −25° because of the practical operating points
of IM. Thus, it is confirmed that the analytic derivation for the
feedforward method is well agreed with the experimental result.

Fig. 16 shows the fourth experiment that confirms the perfor-
mance of the proposed feedforward-based V̂sat,DT identification
when the initial value of V̂sat,DT is set to zero. The current and
speed conditions are the same as those in the first and second
experiments. As shown in the first and second trace, only after
one alternation between CPWM and DPWM for 170 ms, V̂sat,DT

reaches 8.3 V. Also, comparing Zoom-in I and II in the last
trace, the current ripple is reduced by 50% same as the second
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Fig. 16. Fourth experimental result: V̂sat,DT identification from zero initial
value with the feedforward method.

experiment. Compared with the feedback-based method, the
identification becomes 16.6 times faster.

The fifth experiment is shown in Fig. 17. In this experiment,
T ∗
d changes intentionally from 3 to 3.3 and 2.7 μs to test V̂sat,DT

tracking performance, as shown in Fig. 17(a). Fig. 17(b) depicts
the case when the proposed identification is not activated, so
V̂sat,DT stays at the initial value, 8.3 V. Since the variation
of T ∗

d results in that of the disturbance voltage due to the
deadtime effect, ve∗ds and ve∗qs are fluctuating with different PWM
schemes. Also, the dc component becomes different because of
Td variation. Meanwhile, Fig. 17(b) shows that the proposed
feedback-based method adjusts V̂sat,DT, and it converges to 9.2
and 7.5 V, when T ∗

d changes to 3.3 and 2.7 μs, respectively. The
convergence points are less by about 1 V compared with the
saturated value in the result of the pretest in Fig. 11(b). This
is because the saturated values in Fig. 11(b) contain not only
V̂sat,DT but also V̂sat,SW, 1 V. Thus, the result of the proposed
method is well matched with the result of the pretest. Also, the
steady-state value of ve∗ds and ve∗qs is the same even in T ∗

d because
INE is well compensated by the proposed method and ve∗ds and
ve∗qs only contain the voltage for the current control. Fig. 17(c)
depicts the case when the proposed feedforward-based method
is applied. Compared with Fig. 17(b), the dynamic performance
becomes much faster, so the transient response time in ve∗ds
and that in ve∗qs are remarkably reduced. Therefore, it can be

Fig. 17. Fifth experimental result. (a) Td
∗ variation. (b) LPF(ve∗ds) and

LPF(ve∗ds) without the proposed method (constant V̂sat,DT). (c) V̂sat,DT,

LPF(ve∗ds), andLPF(ve∗ds)with the feedback method. (d) V̂sat,DT,LPF(ve∗ds),
and LPF(ve∗ds) with the feedforward method.

said that the proposed method well tracks V̂sat,DT dynamically
and accurately, even when Td,eff changes due to the operating
conditions.

Fig. 18 shows the sixth experimental result with the proposed
feedback-based method in various modulation index (MI) con-
ditions. In order to change MI, the speed of the motor changes
from 1300 to 100 r/min by 400 r/min by load machine. The
currents ieds and ieqs are regulated as rated values, 6 A and 8 A.
By doing so, MI changes from 0.62 to 0.09, as shown in the first
trace, which is defined as

MI =
|vas∗|

Vdc

/√
3
. (27)
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Fig. 18. Sixth experimental result: V̂sat,DT identification at various MIs with
the feedback method.

The second trace shows V̂sat,DT. To examine the performance
of the proposed method, V̂sat,DT is reset to zero for 1 s, when
the speed changes. Unlike the other cases, there is an overshoot
in V̂sat,DT when MI is 0.09 because the amount of error in one
sampling is quite larger compared with the other cases. However,
the steady-state values of V̂sat,DT converge from 8.1 to 8.2 V

in all MI conditions. Therefore, it can be said that the proposed
method is effective in various MI conditions, even when the MI
is at 0.09.

VI. CONCLUSION

This article describes the inverter nonlinearity compensation
by identifying the variation of the deadtime effect according to
operating conditions and manufacturing tolerance. It is based
on that the deadtime effect varies with the PWM scheme. With
the current controller and alternation of PWM schemes, the
information of the deadtime effect can be extracted online. Also,
the deadtime effect with different PWM schemes is analytically
formulated. Based on that the feedforward identification method
has been proposed to improve the dynamic performance. The
experimental results have revealed that the identification time
decreases down to 0.15 s. In addition, the resolution of the volt-
age error due to the deadtime effect identified by the proposed
method is 100 mV range, and it is equivalent to 30 ns variation
of Td,eff in the case of 300 V dc-link voltage of the inverter.
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