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Dead-Time Compensation Based on a Modified
Multiple Complex Coefficient Filter for Permanent
Magnet Synchronous Machine Drives

Zheng Wu, Hengliang Zhang *“, Kai Liu"”, Wei Hua
Bo Wang *, Shichuan Ding

Abstract—In field-oriented vector control of permanent magnet
synchronous machine (PMSM) drives, the dead time will cause the
5th and 7th current harmonics in the stationary reference frame.
They are mapped to the negative and positive 6th harmonic current
in the synchronous reference frame (SynRF), resulting in torque
ripple and deterioration of control performance. To solve this
problem, a new dead-time compensation method is proposed in this
article. First, a multiple complex coefficient filter is modified with
a low-pass filter being paralleled to extract positive and negative
sequence components of 6th harmonic from dg-axes currents. Then,
based on the extracted harmonics, a voltage feedback path with
variable gains is designed in SynRF to eliminate the dead-time
effect. Finally, the proposed method is implemented in a prototyped
PMSM drive to verify its effectiveness. Both the simulations and
experiments indicate that the proposed method can significantly
weaken the dead-time effect with no additional hardware. Besides,
it is also proved robust to the variable machine parameters.

Index Terms—Dead-time compensation, inverter nonlinearity,
low-pass filter (LPF), multiple complex coefficient filter (MCCF),
permanent magnet synchronous machine (PMSM), vector control.

1. INTRODUCTION

N RECENT years, pulsewidth modulation (PWM) voltage
I source inverter (VSI) has been widely used in motor-based
adjustable speed drives. In the applications of PWM VSI, to
prevent a short circuit of direct current (dc) link, a dead time is
inserted in the period of PWM, where both the upper and lower
switching devices are turned OFF. Unfavorably, the dead time
will cause the output voltage error of the inverter, the distortion of
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armature currents, and the torque ripple, which severely affects
the control performance of the drive system [1], [2]. Hence, the
dead time should be compensated to weaken its adverse effects.

In previous literature, many compensation strategies have
been studied. Most of them are based on the average value theory,
where the average loss of volt seconds is first calculated, and then
the action time of switching devices is compensated artificially
depended on the polarity of phase current [3]-[10]. Although the
implementation of such methods is simple, the polarity detection
of phase current is a critical issue at the zero-crossing point due
to the inevitable error and noise of the sampling circuit. To solve
this problem, a freewheeling-current polarity detection circuit is
designed to detect the phase current polarity accurately in [8],
while a terminal voltage A/D conversion based current polarity
detection method is presented in [10]. Although these methods
achieve good performances, the additional circuits increase the
cost and hardware complexity.

In order to avoid problems of current polarity detection,
another method based on disturbance observation is studied in
[11]-[15]. The disturbance observers are designed to identify the
voltage error caused by the dead time in the synchronous ref-
erence frame (SynRF) and satisfied performances are achieved.
Although the observer-based methods do not need additional
hardware, they are sensitive to model parameters, and the ob-
server gains tuning is complex.

Back to the effect of output voltage errors caused by the dead
time, the 5th and 7th harmonics in phase current in the stationary
reference frame (StaRF) are mapped to the 6th harmonic in
SynRF. On this basis, alternative compensation strategies are
studied in [16]-[21]. In [16], the 6th harmonic is subtracted
from dg-axes reference currents. However, a small phase lag is
caused by the PI regulator in the compensated voltage. Besides,
a fixed gain in the feedback path should be adjusted when the op-
eration condition changes. In order to solve these problems, the
decomposer and compensator based on adaptive linear neuron
(ADALINE) are designed in [20]. The compensated voltages are
directly subtracted from reference voltages whilst the feedback
gains are adjusted by the least mean square. However, apart
from the rotor speed and dg-axes currents, the decomposer also
needs the rotor angle and the phases of the harmonics in this
method.

In this article, a new adaptive filter based compensa-
tion method is designed to suppress the dead-time effect by
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minimizing the 6th harmonic in SynRF. The main characteristic
of the proposed method is to utilize the positive and negative
sequence components of 6th harmonics from dg-axes currents.
Using the sequence information of 6th harmonic, the compen-
sated voltage can be directly calculated by the voltage equation,
which avoids the phase lag of PI current regulators in [16].
Besides, compared with [20], the way to obtain the harmonics
needs no additional information, except the rotor speed and
dg-axes currents. Moreover, the proposed method is robust to
the motor parameters, comparing to the average theory based
and disturbance observer based compensation methods, since
a feedback path with variable gains is designed based on the
magnitudes of the sequence harmonics.

In order to implement the proposed method, a proper adaptive
filter is needed to obtain the sequence information of the dg-axes
first. Many kinds of filters are investigated according to the
literatures, including notch filter [22], moving average filter [23],
multiple synchronous reference frame filter (MSRF) [24], mul-
tiple complex coefficient filter (MCCF) [25], second-order gen-
eralized integrator (SOGI) [26], delay signal cancellation [27],
and repetitive controller [28]. Among them, only the MSRE,
SOGI, and MCCF can extract positive and negative sequence
components. However, the MSRF requires twice coordinate
transformations and solving the trigonometric function of the
rotor angle. The SOGI needs to deal with the second-order filter,
leading to aheavy computational burden. Therefore, considering
both the functions and computational burden, the MCCEF is the
most suitable technique.

The MCCEF is first designed in StaRF [29], where the dc
component cannot be handled. However, the dc component is the
main composition of dg-axes currents, which means the original
MCCEF cannot be directly applied in SynRF. To eliminate the
influence of the dc component, a low-pass filter (LPF) is added
into the MCCF when processing the harmonics in dg-axes
currents.

Based on the modified MCCEF, a new dead-time compensation
strategy is proposed in this article. In order to make the compen-
sation method robust to the motor parameters, a feedback path
with adaptive gains is designed.

The implementation of the proposed method is described as
follows.

Step 1: The negative and positive sequence components
in dg-axes currents are extracted by the modified
MCCFE.

According to the amplitudes of the extracted harmon-

ics, an adaptive strategy is designed to adjust two

proportion feedback gains in dg-axes.

The amplitudes of feedback harmonic currents are

adjusted by two variable proportion gains.

The voltage errors caused by the dead time are cal-

culated by voltage equation by using positive and

negative sequence components.

The voltage errors are subtracted from reference volt-

ages to compensate the dead time.

The contributions of this article are listed as follows.

1) Both the positive and negative sequence components of
6th harmonic are used to compensate dead time.

Step 2:

Step 3:

Step 4:

Step 5:
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Fig. 1. PMSM-based drive system. (a) Three-phase PWM inverter with a
PMSM load. (b) Current flow direction during the dead time in one phase leg.

2) The MCCEF is modified to extract the positive and negative
sequence components in SynRF.

3) A feedback path with adaptive gains is designed based on
amplitudes of the positive and negative sequence compo-
nents.

The rest of this article is arranged as follows. The dead-time
effects considering the inverter nonlinearity are analyzed in
Section II. Then, the new compensation method is proposed
in Section III. Further, verifications of both simulations and
experiments are presented in Section I'V. Finally, the conclusion
is drawn in Section V.

II. DEAD-TIME EFFECTS

The typical configuration of a VSI with a permanent magnet
synchronous machine (PMSM) load is shown in Fig. 1(a), where
insulated gate bipolar transistors (IGBTs) are used as switching
devices. The current direction in one leg during dead time is
defined as positive if the current flows from the inverter to the
load, as shown in Fig. 1(b).

In Fig. 1(b), the switching device should be turned OFF when
the other one is ON. However, the switching device cannot act
instantaneously, resulting in that dc link is short-circuited when
S1 and S act simultaneously. It is an extremely dangerous sit-
uation for the inverter, although its duration is short. Therefore,
it is necessary to insert a dead time between the actions of two
switch devices to avoid the short-circuit situation. During the
dead time Tqead, both the two switching devices are turned OFF,
and current flows through the free-wheeling diode Dy or Dy
depending on the current polarity. Thus, the output voltage error
of the inverter caused by the dead time is related to the polarity of
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Fig. 2. Switching pattern and output phase voltages. (a) Ideal gating signals.

(b) Actual gating signals. (c) Ideal phase output voltage. (d) Actual phase output
voltage considering the dead time, turn ON/OFF time, and voltage drops.

phase current i ,. The zero-current clamping effects and the non-
ideal characteristics, such as parasitic capacitance, in switching
devices are not considered in this article. Thus, the switching
pattern and the output phase voltage are shown in Fig. 2, where
Fig. 2(a) and (b) indicates the ideal and the actual gating signals
with and without the dead time, respectively. Further, Fig. 2(c)
shows the phase output voltage V,,, considering the dead time
and the turn ON/OFF time. Then, the voltage drops are considered
in Fig. 2(d).
The average voltage error in one PWM period yields

A Van = Vve *Sign (ia) (1)
where
Tea +Ton_To ‘/;+V
Ve: dead I (Vdc_‘/:q+vd)+ d
Trwm 2
2)

o 1 i, >0
sign (fa) =9 21" <

where Tacads Ton> Toffs Tpwms Ve, Vs, and Vg represent the dead
time, turn-ON/OFF time of switching device, PWM period, dc bus
voltage, switching device conduction voltage drop, and forward
voltage drop of freewheeling diode, respectively. Although the
sum of Vs and V is relatively small, it cannot be ignored because
of the volt drop in IGBT-based inverter, especially under low-
speed and light-load operation.

12981

Fig. 3. Current vector and voltage errors in space.

Similarly, the average voltage errors of the other two legs
(AVy, and AV,.,) can be obtained by

{ A Vi = V. sign (ip)

A V., =V xsign(i.). A

Considering the phase winding connection is Y-type, the
three-phase average voltage errors (AV,, AV}, and AV,) yield

AV, 2-1-17 [AV,n
AVl == | =12 -1 | AW, )
AV, “1-12 AV.,

Further, the three-phase output voltage errors are transformed
to StaRF as

- e
== b
AVg] — 3 [0 5 AV,

where AV,,/AVg represents the average output voltage errors in
StaRF, which can be further expanded into the Fourier series as

sin (6k—1)~ sin(6k+1)~
AVa= {sm'y—i-Z{ 6k—1 Gh+1
4ve cos (6k—1)7 cos (6k+1)y
AVs= {COS’Y Z{ 6k—1 Gk+1 }}

(6)

where 7 is the phase angle of current vector defined in Fig. 3 as

Y =wet+¢—m/2, ¢ =tan"? (igs/tds)

where w. is the electrical speed.

Observing (6), it consists of the fundamental and the 6k=-1
orders of harmonics, which excludes the 3k and even orders
of harmonics since the PMSM has three-phase windings and
is half-wave symmetrical. Further, because the amplitudes of
harmonics are small when k>2 [3], the subsequent analysis is
aimed at the 5th and 7th harmonics.

Hence (6) is simplified as

ave | . 1. 1.
AV, =——4qsiny+ —sinby + - sin 7y
T ) 7

N

4V, 1 1
AV = 7€ {cosy— 5cos5v+ 7cos7fy}.
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By Park transformation, (7) is transformed into the SynRF as

AVy= ave {Cosgb + %cos (—6wet — 5¢)
T

_% cos (6wet + 79) }

4 1
AV, = Ve {singb + = sin (—6wet — 5¢)
T

—% sin (6wt + 7¢) } (8)

Applying (8) into PMSM, the resultant current harmonics in
SynRF caused by the dead time and inverter nonlinearity can be
defined as

A J0th _ % { cos (—Gwet — 50+ q[)gth)
d T 5Z§th

cos (6wet + 7 — ¢Sth)
a 7Z5th

sin AVe | sin (—6wet — 5 + ¢51")
A= 7w
sin (6wet + 76 — ¢Ot)
B 7Z6th 9
where thh = R? + (6W6Ls)2 ) Sth = tan_l(ﬁweLs/

Ry) , and R, and L, are the stator resistance and the inductance
per phase, respectively.

According to the polarity of frequency, the first item on
the right side of (9) can be defined as the negative sequence
component (I; and I ), while the second item is named as
the positive sequence component (I;'and I ;r ). Therefore, the
positive and negative sequence components in SynRF yield are
expressed by

I; = 571_;/g‘;thcos (—Gwet —5¢ + ¢§th)

Ij = 7:;/Eth cos (6wet +T7¢ — ¢§th)

I, = %sin (—Gwet —5¢ + ¢§th)

It = %Sin (6wet + T — ¢5). (10)

The voltage equation of a PMSM in SynRF is shown in (11),
in which the current harmonics are ignored

{ Ug = iq Rs +pigls — weiqLs an

Ug = tg Rs +pigLs + weigLs + weipy

where p and ¢ is the Laplace operator and the PM flux-linkage,
respectively.
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Fig.4. Bode diagram of a first-order CCF with three different ke @w0 = 407
rad/s.

Substituting (10) into (11), the voltage errors due to current
harmonics in SynRF can be obtained as (12). If the current
harmonic sequences in (10) are identified, the error of output
voltage can be calculated by (12) as well. Then, the voltage
errors could be removed from the reference voltage

Ude = (Z; + Z;) R, + 5OJeLs7:; - 7OJ3LS7;;;

uge = (i +1iy) Rs = 5weLsiy + TweLsiy.

12)

III. DEAD-TIME COMPENSATION STRATEGY

According to the analysis in Section II, the key aspect of the
proposed compensation strategy is to extract the negative and
positive sequence components from phase currents in SynRF.
Thus, the MCCEF is chosen in this article, considering the char-
acteristics and the computation burden of filters.

A. Modified MCCF

An ideal first-order complex coefficient filter (CCF) has the
unit gain and zero phase shift at selected frequency, while
attenuating the signals at other frequencies.

The expression of a CCF in s-domain yields

We

CCF (s) = (13)

§ — jwo + we

where w., wp, and j is the bandwidth of CCF, selected angular
frequency of CCF, and the sign of complex number, respectively.

Here, w, is set as k.wq, where k. is a proportion coefficient.
The Bode diagram of a CCF is shown in Fig. 4, where wy =
407 rad/s with three different values of k., namely, 0.5, 0.3,
and 0.1. From Fig. 4, the CCF features a higher attenuation at
a nonselected frequency and a better ability to extract specific
frequency when k. is smaller, which is also demonstrated in the
attenuation rate (AR) formula (14). Meanwhile, the response of
CCF is slower with a smaller k., according to the pole locus of
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The structure of MCCF was first proposed to extract the
specific sequences of voltage in [29]. It is composed of multiple
CCFs with different selected frequencies in parallel. Different
from the voltage of grid-connected converter in the StaRF which
contains only the negative and positive sequences, the current
of PMSM-load inverter in the SynRF contains dc component as
the dominant one. From Fig. 4, although the AR at 0 Hz is small,
the magnitude of the dc component in the SynRF is too large to
decay to a small value. Therefore, the MCCF in [29] cannot be
directly applied in this article.

A modified MCCF with an LPF being paralleled is shown
in Fig. 5, where I;q =1 +jIj; (% on behalf of 4+, — and 0),
and /g4, fgq, f;:], and j(;q are sampling currents, extracted dc
components, extracted positive, and negative sequence compo-
nents in SynRF. Due to the dc components extracted by the LPF
are subtracted from every path in the MCCEF, the ability of the
MCCEF to suppress the dc component is enhanced. Besides, when
applying the modified MCCEF, the wy is set as 6 w,. Then, the
—6th and 4-6th harmonics can be obtained in outputs signals
(f :l; and [ ;q).

The frequency-domain equation of the modified MCCF can
be derived as detailed in Appendix. The solution to the time-
domain equation (A4) indicates that the modified MCCF can
accurately extract the dc component, the positive sequences, and
the negative sequence components of input signals.

B. Proposed Dead-Time Compensation Method

The block diagram of the proposed dead-time compensation
strategy is shown in Fig. 6. With the help of the modified
MCCEF, the positive sequence components (z‘jq) and negative

sequence components (fgq) can be extracted from the currents
in SynRF (i4,). Then, the voltage errors resulting from the dead
time and inverter nonlinearity can be calculated by (12). The
effectiveness of the proposed compensation method depends on
the detected harmonic current amplitudes, which will decrease
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Fig. 6. Block diagram of proposed dead-time compensation.
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Fig. 7. Compensation gains dynamic recognition strategy.

when the compensation method is applied. Therefore, two pro-
portion gains (K and K_) are proposed to change the estimated
harmonic currents shown as

. T “
-] [2)
quc K_ 7c_lq

C. Dynamic Recognition of Feedback Gains

(16)

As mentioned above, K| and K_ are designed to increase the
amplitudes of extracted harmonic currents. A similar gain which
is a fixed value is applied in [16]. However, when the operation
state of the motor changes, the feedback gains need to be
modified to maintain the compensation effect [20]. Therefore, a
dynamic recognition strategy for the feedback gains is designed,
shown in Fig. 6.

From (10), it can be seen that the same sequence components
in dg-axes feature the same amplitude, frequency, and phase,
ideally. Thus, the amplitudes of the extracted positive and neg-
ative sequences components ([, jmp and I, .) are obtained by
mathematical calculation as

412 ~a2
[Ijmp} = VZ; tig (17)
Iamp /%;2_’_%;2

In fact, the calculated amplitudes are fluctuating, resulting
from the current sampling noise and the filter discretization. In
order to address this issue, an LPF is used, as shown in Fig. 7.
Then, a PI regulator is used to modify the feedback gains as

K+ _ WLPF k + E I;_mp
K- s+wrpr \ 08 Inp

where wr,pr, ky,, and k; are the cutoff frequency of the LPF,
proportion, and integral gains of the PI, respectively. Since
the values of amplitude are always non-negative, the feedback
coefficients increase progressively when the reference of PI (¢) is
set as zero. In order to solve this problem, the reference value ¢ is
recommended to set as a positive value, which can represent the

(18)
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TABLE I TABLE IT
KEY SPECIFICATIONS AND PARAMETERS OF THE PMSM SPECIFICATIONS AND PARAMETERS UNDER SIMULATION AND EXPERIMENT
Item Value Item Value Description Value Description Value
Rate Speed 3000rpm Stator phase resistance 0.96Q2 DC link voltage 200V Switching device IGBT
Rated power 3kW Stator phase inductance 166.5uH PWM 10kHz Turn-on time 0.13-0.15ps
Rated current 18.6A Pole-pairs number 4 Dead time 2us Turn-off time 0.3-0.4pus
. N e { PMSM M ]
i 'Qb » d »
q ke © NNV A VA VAVEA
Encoder’ 2 7
abcle¢ 73 4 I 1 I I 1 I . I 1
iy 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
dq \ [* .
l ol com Time/s
vy U | Y
Proposed dead-time w, [d 0, » 0, 1k |
compensation strategy ac| ) N VVVVVVVVVVVVVVVVVVVVVVIN
=

Fig. 8.  Block diagram of a PMSM driver system with the proposed dead-time
compensation strategy.

expected value of the harmonics. It is recommending to set € as
0.02% of the rate current of motor, according to the experimental
experience.

In this compensation scheme, the rotor speed is required in
the application of modified MCCEF. If the incorrect rotor speed is
given, the incorrect positive and negative sequence components
might be obtained. This results in the wrong compensation
voltage supplied to the motor, which might lead to the system
instability. In order to mitigate the impact of this situation, the
saturation functions are used to limit the compensation currents
shown in Fig. 6. The limits are experimentally obtained as peak
values of the positive and negative sequence components in (17).
In addition, although this scheme uses the motor parameters
to calculate the compensation voltages as shown in (12), the
variable feedback gains can counteract the effect of parameter
uncertainty.

IV. SIMULATIONS AND EXPERIMENTS

In order to verify the effectiveness of the proposed dead-time
compensation strategy, both the simulations and experiments
are carried out in this section. The key parameters of the PMSM
used in this paper are given in Table 1.

A. Simulation Results

A control model considering the effect of the dead time and
inverter nonlinearity is builtin MATLAB/Simulink. Fig. 8 shows
the control block diagram with PI current regulators and the
proposed dead-time compensation strategy. In the simulation,
both the sampling frequency and PWM switching frequency are
setas 10 kHz, while the dead time is 2 us. The key specifications
of the simulation system are listed in Table II.

The current waveforms without the dead-time compensation
strategy are illustrated in Fig. 9. It is found that there are obvious
distortions appearing in the peaks, valleys, and zero-crossing
points in the current waveform of phase A (top one), compared
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Ig/A
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5 . . . . . . . . .
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THD is 6.07%

w
T

(=1

60 80 100 120 140 160 180 200 220 240 260 280 300

Frequency(Hz)

Mag(% of Fundamental) _.

Fig. 9. Simulation results without the compensation method for the PMSM at
300 r/min. From top to bottom: phase A current, d-axis current, g-axis current,
and spectrum of phase A current.

with a standard sinewave. Besides, both dg-axes currents exhibit
considerable fluctuations. The corresponding current spectrum
of phase A is presented at bottom of Fig. 9, which demonstrates
that the 5th and 7th components are the dominant harmonics.
The simulation results agree well with the theoretical analysis
in Section II.

In contrast, Fig. 10 shows the current waveforms with the
proposed dead-time compensation strategy under the same con-
ditions. From Fig. 10, the current waveform of phase A has
been significantly improved, whilst the fluctuations of dg-axes
currents are remarkably reduced compared with Fig. 9. More-
over, the spectrum of phase A current in Fig. 10 indicates that the
original 5th and 7th current harmonics of phase A are efficiently
decreased compared with that in Fig. 9. Although the 11th and
13th harmonics increase slightly, the compensation effect is
not influenced by this phenomenon. Because the decreases of
5th and 7th harmonics are much greater than the increases of
11th and 13th harmonics, the resultant current THD of phase
A current is reduced from 6.07% to 2.18%. Therefore, the
effectiveness of the compensation method can be verified by
the above-mentioned simulations.
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Fig. 10.  Simulation results with the compensation method for the PMSM at
300 r/min. From top to bottom: phase A current, d-axis current, g-axis current
and spectrum of phase A current.

it g

Fig. 11.  Experimental setup for a PMSM.

B. Experimental Results

The experimental platform consists of a PMSM, three-phase
VSI, PC, and induction motor driven by an ABB-ACS800 as a
load, shown as Fig. 11. The experiments are carried out under
several conditions, including steady state, transient state, and
uncertain motor parameters state. The sampling frequency and
the PWM frequency are both set as 10 kHz. The proportion
coefficient k. of MCCEF is set to 0.01. The bandwidth of the
current regulator is set as 1500 rad/s. Besides, k,, and k; of the
PI regulator in Fig. 7 are set as 100 and 60, respectively. The
experimental results are presented in Figs. 12—16.

The experimental results without and with the compensation
strategy under steady state (the motor speed is 300 r/min) are
shownin Figs. 12 and 13, respectively. Two parts are contained in
figures of the oscilloscope. The upper ones are the integral wave-
forms, and the waveforms inside the red rectangle are enlarged
in the nether ones. In Fig. 12(a), the current waveform of phase
A is deteriorated by the dead time and inverter nonlinearity. The
corresponding dg-axes currents exhibit obvious fluctuations,
especially for /4. The current spectrum of phase A presented

12985

Zoom 50ms/div

“ £ gty b it a® ) i g,

[, (4A/div) === [,(2A/div) === I, (2A/div)

@

=)

Fundamental Frequency is 20 Hz
6 THD is 9.51% 1

Mag(% of Fundamental)

50 100 150 200 250 300

Frequency(Hz)

(b)
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in Fig. 12(b) demonstrates that the 5th and 7th harmonics are
dominant as marked in orange. In Fig. 13, the experimental
results by the proposed compensation method are displayed. It
is found that the current waveform distortion of phase A and the
fluctuations of d- and g-axis currents are significantly decreased
as shown in Fig. 13(a). Besides, the current magnitudes of
the 5th and 7th harmonics of phase A after compensation are
effectively reduced as shown in Fig. 13(b). Even the 11th and
13th harmonics rise slightly, the total current THD of phase A
is declined from 9.51% to 3.78%.

For the case of the transient g-axis current experiment, the
measured results are shown in Fig. 14. The transient moments
of the upper ones are enlarged below, as shown in Fig. 14. The
motor is initially operated at 300 r/min with a g-axis current of
2 A, and then the g-axis reference current is suddenly changed
to4 A. Comparing Fig. 14(a) and (b), the proposed method does
not deteriorate the response of the current loop, and it features a
good suppression effect on the harmonics caused by dead time.

Fig. 15 demonstrates the experimental results under transient
varying speed operation, where the PMSM initially operates at
200 r/min, and then the reference speed jumps to 1000 r/min.
Due to the large rotational inertia of the load motor system, it
took some time to accelerate to 1000 r/min. Two different stages
of the acceleration process are enlarged, shown in “Zoom1” and
“Zoom?2”. Comparing the current waveforms in Fig. 15(a) and
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Fig. 16. Experimental current waveforms under uncertain motor parameters.

(b), the proposed strategy can compensate the dead time and
inverter nonlinearity well without any degradation to the speed
transient performance of the control system.

Finally, to verify the robustness of the proposed dead-time
compensation method to the variable motor parameters, three
groups of comparative experiments with different phase resis-
tance (R,) and winding inductance (L) are carried out, namely,
Group I (100% of R, and 100% of L), Group II (50% of R,
and 200% of L), and Group III (200% of R, and 50% of L;).
The motor speed is set as 300 r/min and the load torque is 0.8
N-m. Fig. 16 displays the currents spectra of phase A of these
three groups with different motor parameters. From Fig. 16, the
current harmonics distributions are almost the same, validating
the robustness of the proposed compensation strategy.
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V. CONCLUSION

In this article, a new dead-time compensation strategy based
on the sequence components of 6th current harmonic is proposed
for PMSM drives. First, the impact of dead time on drive systems
is analyzed. Based on the analysis, the voltage errors caused by
dead time can be obtained by the positive and negative sequence
components of the 6th harmonic. Then, an MCCEF parallel with
an LPF is designed to extra the positive and negative sequence
components of dg-axes currents. Finally, a harmonic feedback
path with variable gains is designed to suppress the dead-time
effect based on the amplitudes of sequence components. The
effectiveness and robustness of the proposed dead-time com-
pensation strategy are verified by both the simulations and
experiments on a prototyped PMSM drive system.

APPENDIX

The modified MCCEF structure, shown in Fig. 5, is expressed
in the frequency domain as

@@;;M@?@;ﬂ

I (s) = g2 | Iy (o) = I (s) = I, (s
A§($=;;ﬁ¢; uw»—@wr—;w> A
If (9) = e [La(s) =1 (s) = I; (s)

I () = s |Ta(s) = 19 (s) = I (s)

I (5) = 52 |To(s) = 10 (s) = I (s)

The corresponding time-domain equation can be derived from
(A1) as

(A2)
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where Eg,4 and Eg,¢ are diagonal matrices with values of 1 along
the diagonal.
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The solution to (A2) can be obtained as

z (t) = A7) g (to) + It A7) By (1) dr. (A3)

According to the deduction in [22], the solution expression can
be obtained as
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