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ABSTRACT In motor drives, distortions of phase voltages and currents are often caused by nonlinear effects
of inverters such as dead time, turn-on delay, turn-off delay and voltage drop of power devices. To eliminate
these distortions, the dead-time compensation voltage is usually investigated. Furthermore, the relationship
between the dead-time compensation voltage and phase currents is nonlinear, which is related to not only the
parameters mentioned above, but also the snubber and parasitic capacitance of inverters. A nonlinear function
is constructed to model the nonlinear relationship in this paper. To identify the nonlinear function, a method
based on artificial neural networks is proposed without inverter parameters. According to the criterion that
the trajectory of voltage vector in @-8 coordinate system is a circle, an adaptive law is constructed to modify
the parameters of the nonlinear function. Therefore, the nonlinear dead-time compensation voltage model
is obtained accurately, where the distortions of voltages and currents are reduced without any additional
hardware. Applying this method to the current predictive control, the bandwidth of a current loop is increased
by 500Hz. Effectiveness of the method is verified by experiments.

INDEX TERMS Inverter nonlinear effects, artificial neural network, nonlinear dead-time compensation

model.

I. INTRODUCTION

Pulse-width-modulated (PWM) based voltage source invert-
ers (VSIs) are widely used in motor drives because of its
high efficiency, low harmonic component output, and easy
to be controlled. In the control of VSIs, a dead time, inserted
between the switching signals of each phase leg, is adopted
to prevent the conduction overlap. However, nonlinear effects
of inverters such as dead time, turn-on delay, turn-off delay
and voltage drop of power devices induce a voltage mismatch
between actual phase voltages and reference voltages. This
mismatch leads to the distortions of three-phase currents.
Furthermore, the actual phase voltages need to be obtained
accurately in some applications, such as motor parameter
identification and current predictive control. Nevertheless,
additional filter circuits are required to measure the actual
phase voltages from the pulse output voltage of VSIs, where
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a sampling delay is introduced. To avoid these problems,
instead of using the actual phase voltages, the reference volt-
ages are often used for calculations. However, the control
performance and accuracy of parameter identification are
degraded by the voltage mismatch.

To solve these problems led by voltage mismatch, some
offline methods are proposed by investigating the dead-time
compensation voltage. According to the phase current polar-
ity, the dead-time voltage is compensated directly [1], [2].
Since this method often leads to wrong judgement of current
polarity, the sector of current vector is utilized to judge the
current polarity indirectly [3]. To avoid the compensation fail-
ure in the current zero-crossing region by the above strategies,
a trapezoidal form of wave compensation strategy is proposed
[4]. In these methods, the relationship between the dead-time
compensation voltage and phase currents is considered as an
ideal linear function. However, this relationship is nonlin-
ear considering the parasitic capacitance of power devices,
which needs to be charged or discharged during the switching
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process [S5]-[7]. In [6], a piecewise compensation method
was proposed to match the nonlinear relationship. In the
mentioned literatures, some parasitic parameters of inverters
are required. Since these parameters vary with circuit state,
they are often regarded as an approximate value. It constrains
the accuracy of compensation result in offline methods.

In order to improve the accuracy of compensation result,
some online compensation methods are proposed, such as
disturbance observers [8]-[11], d-axis voltage compensa-
tion methods [12]-[15], sixth harmonic eliminated meth-
ods [16]—[21], current predictive control methods [22]-[24],
and repeating controllers [25]-[28]. Regarding the dead-time
voltage as a voltage disturbance, a disturbance observer is
constructed to estimate the compensation voltage according
to the voltage equation [8]. In [12], an Adaline estimator
is proposed to estimate the dead-time compensation voltage
according to the d-axis voltage characteristics, where the
voltage fluctuation is mainly caused by the dead-time voltage.
To compensate the voltage distortions of a specific sixth
harmonic in d-q coordinate system, an active filter utilizing
the least-mean-square (LMS) method is proposed [17], [18].
In [24], the error between the predictive current and actual
current is used to estimate the dead-time compensation volt-
age. According to the periodic behavior of the dead-time
voltage, a repeating controller is constructed [25]. In these
online methods, some parameters of motors are required,
which are difficult to be obtained accurately. Besides, they
can be affected by the operating conditions, which degrades
the voltage compensation effect. Furthermore, the relation-
ship between the dead-time compensation voltage and the
phase currents is simplified as a sign function. Since the
relationship is a complex model, this simplification leads to
the discontinuities of compensation voltages in the current
zero-crossing region, which fails to minimize the voltage mis-
match. To identify complex models without system parame-
ters, artificial neural network (ANN) algorithms are widely
proposed [29]-[31]. Therefore, the ANN-based method is an
alternative to achieve the accurate compensation model of
dead-time voltage and improve the compensation accuracy.

To improve the compensation effect to the voltage mis-
match and current distortions, an online compensation
method based on ANN is proposed in this paper. Firstly,
a nonlinear function is constructed to model the relation-
ship between the dead-time compensation voltage and phase
currents. The parameter of the nonlinear function is utilized
to describe the effect to different parameters of inverters.
Secondly, the nonlinear function is identified by an ANN
structure without inverter parameters, where an adaptive law
is constructed to modify the parameters of the nonlinear
function. The characteristics of the voltage vector in «-8
coordinate system is analyzed, where the trajectory of the
voltage vector is a circle without considering the voltage
mismatch. According to this characteristic, an adaptive law
is constructed by modifying the dead-time compensation
voltage to make the trajectory of the voltage vector after
compensation approach a circle. Therefore, the nonlinear
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function of dead-time compensation voltage is identified
online. Moreover, the voltage mismatch is reduced and the
actual phase voltages are obtained accurately without adding
any hardware. Finally, applying this method to the current
predictive control, the bandwidth of the current loop is
increased by 500Hz. The current distortions due to the voltage
mismatch of reference voltages and actual phase voltages are
also reduced.

The rest of this paper is organized as follows. Section II
analyzes the nonlinear relationship between the dead-time
compensation voltage and phase currents. Section III pro-
poses a nonlinear identification model based on ANN and
introduces the implementation process of the compensation
method. Section IV verifies the effectiveness of the algorithm
through experiments. Section V summarizes this article.

Ideal

(€))

2
o i>0 o Vd

- Vdiode

Actual

V
. _de + Vf
+ - - 2 -
(. i<0 T,T | v,
+ 2 + Vdiode
(b)
FIGURE 1. (a) Ideal PWM signal. (b) Actual PWM signal considering the
nonlinear effects of inverters.

Il. NONLINEAR DEAD-TIME VOLTAGE MODEL
The inverter nonlinear effects such as dead time, turn-on
delay, turn-off delay and voltage drop of power devices cause
a voltage mismatch between the actual phase voltages and the
reference voltages. The dead-time voltage is usually investi-
gated to compensate the voltage mismatch. The relationship
between the dead-time compensation voltage and phase cur-
rents is nonlinear, which is analyzed as follows. The PWM
signals of power devices are shown in Fig. 1. The compensa-
tion voltages are expressed as (1) according to Fig. 1 [18]:
AV = Vysign(i), sign(i) = i -1 i<0 (1
1, >0,
where sign(i) is the sign function. V;; is the magnitude of the
compensation voltage, which is defined as:

. Ty + Ton — Tgﬂ' Vf + Viiode

, 2
T, dc D) ( )

Va
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where V. is the DC link, V is the voltage drop of power
devices, Vyio4e 18 the voltage drop of diodes. Ty is the dead
time, Ty, is the turn-on delay, T,y is the turn-off delay, Ty is
the period of PWM.

Therefore, the compensation voltages in a-b-c coordinate
system are obtained as:

AV, =~ Qsigntiy) — sign(iy) ~ sign(io)
AV, = %(2sign(ih) — sign(iy) — sign(i;)) 3)

V,
AV, = §<2sign(ic> — sign(ip) — sign(ia)),

where iy, ip, and i, are the phase currents.
Instead of the sign function used in (3), (4) is constructed
in this paper:

) = 2 1 4
f(l)—w—, )

where w is the weight value of this function. Equation (4)
is constructed according to the characteristics of the sign
function and the transfer function, which is usually used in
ANN. When w is set to 7 as an example, the waveform of the
proposed nonlinear function is shown in Fig. 2. However, this
value of w is related to the parameters of inverters. In different
inverter systems, this value needs to be identified.

i(A)

FIGURE 2. The waveform of the proposed function (w = 7).

The compensation voltages AVy, AVyg in a-f axes are
obtained as (5) by using the coordinate transformation, (3),
and (4):

V,
AV, = §<2f(ia> — flip) — f(ic))

©)
3V,
f3 < (F i) — fic)).

Fig. 3 shows the comparison of the compensation voltages
with the sign function and the proposed function. The com-
pensation voltages using the proposed function change with
the phase currents continuously in the current zero-crossing
region. It is more consistent with the actual nonlinear effects
of inverters. Since the parameter of the proposed nonlinear
function is related to inverter parameters, it needs to be iden-
tified online.

AVg =
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FIGURE 3. The compensation voltage in a-8 coordinate system (a) using
the sign function and (b) using the proposed function.

Ill. PROPOSED DEAD-TIME VOLTAGE COMPENSATION
METHOD

To identify the nonlinear model of dead-time compensation
voltage online, an ANN-based method is proposed. And the
compensation method aims to:

« Constructing a nonlinear function to model the complex
relationship between the dead-time compensation volt-
age and phase currents.

« Identifying the nonlinear function online by an ANN
method without inverter parameters.

The process of the proposed method is shown as follows:
Firstly, an ANN structure is constructed to identify the nonlin-
ear function. Secondly, the maximum compensation voltage
is obtained by a two-step voltage method. Thirdly, an adaptive
law to modify the parameter of nonlinear function is proposed
according to the characteristics of voltage in «-f coordinate
system. Finally, applying the compensation method, the cur-
rent predictive control is performed.

A. ANN MODEL

After the nonlinear function of the dead-time voltage and
phase currents is constructed, an ANN structure is pro-
posed to identify the nonlinear function online. In practical,
the value of reference voltage vector changes slowly. There-
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fore, without considering the nonlinear effects of inverters,
the magnitude of reference voltage vector is a constant value
in a small duration. However, due to the influence of the
dead-time voltage, the amplitude of reference voltage vector
is fluctuated periodically. According to this characteristic,
a three-inputs and one-output ANN structure is constructed
to identify the nonlinear function of the dead-time voltage
in a-B coordinate system. Fig. 4 shows the ANN structure.
The phase currents are used as input variables, while the
magnitude of reference voltage vector is used as the output
variable. Without external references, this ANN structure
recognizes eigen trend through a self-reference.

Output-layer

FIGURE 4. The three-inputs and one-output ANN structure.

The ANN structure is described by the following two
equations:

wn+1) =Y win+ DY)+ din+ 1), (6)

Yi(n+ 1) = fluj(n + 1)), (N

where uj(n + 1) is the input of j neuron in the n + 11" layer,
wij(n+1) is the weight between 7™ neuron and i™ neuron in
the n + 1" layer. d;(n+1) is the threshold of j neuron in the
n+ 1M layer, f[.] is the input-output function, Yj(n+1) is the
output of /M neuron in the n+ 1" layer. In the proposed neural
network structure, the weights and input-output functions are
given in Table 1.

It can be seen from Table 1 that w,, wp, w,, and V; are
unknown. V; will be identified by a two-step voltage method,
and the others are identified by the proposed ANN algorithm.
Therefore, the maximum dead-time compensation voltage
and an adaptive law are required to identify the nonlinear
function of dead-time voltage.

B. CALCULATION OF MAXIMUM DEAD-TIME
COMPENSATION VOLTAGE BASED ON TWO-STEP VOLTAGE
METHOD

As mentioned before, the maximum dead-time compensation
voltage is required. To obtain the maximum dead-time com-
pensation voltage, a two-step voltage method is utilized in this
section. When the motor is at standstill, two different voltage
vectors are output and recorded as Vg1 and Vg;. At the same
time, the steady-state currents are measured as ig; and ig;.
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Then the following equations are obtained according to the
voltage equation:

Vg1 = Rig1 + AV

) (8)
Vga = Rigo + AVpy,

where R is the stator resistance. For simplification, V,, is often
set to zero.

TABLE 1. Weights and input-output functions of the ANN.

Layer Weight Input-output function
iNj 1 2 3
1 w, 0 0 P
= -1
1 5 0 ", 0 f)=rr =
3 0 0 w,
i\j 1 2
1 2V, 13 0
2 2 'V(//?’ \/§V¢1/3 f(u):u
3 V13 NOAE
i\j 1 2
3 1 -1 0 Sw)y=u
2 0 -1
i\j 1 2
4 1 1 0 fw=u’
2 0 1
i\j 1
5 1 1 S)y=u
2 1

According to (5), when igy, igo are large enough, AVg
is equal to AVg,. Therefore, the magnitude of dead-time
compensation voltage is calculated as:

_ ﬁ(vﬁﬂ'ﬁl — Vlgliﬂz)

Va . -
2 ig1 —ig2

&)

C. ANN BASED DEAD-TIME VOLTAGE COMPENSATION
METHOD
After the maximum dead-time compensation voltage is
obtained, an adaptive law is proposed. The magnitude of the
compensated voltage vector is expressed as:

Vi =Vo + Vg,

r

= (Vu — AVy)? + (Vg — AVp)?, (10)

where V,, and Vj are the reference voltages in o-8 axes, Vy,
and Vg, are the voltages after compensation in «-f8 axes.

In order to obtain a stable self-reference voltage, a low-
pass filter is used. The magnitude of the self-reference voltage
vector is expressed as:

1
2 2
Vref T+ 7}5 Vi (1D

where Ty is the filter time constant.
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The voltage error is expressed as (12) according to (10) and

(11):
Verror = V,if - ng (12)

Considering the differences of hardware parameters are
small, w, = wp = w, = w. The adaptive law of the weight
value is obtained as (13) according to the error backpropaga-
tion rule and the chain derivation rule:

aLvz
n—2_crror”

2 YVerror

Aw = —
ow

2Vy af(ia)  9f (ip)

= =0 Verror[—=Var(2 f o - /

3 ow ow
G, 24/3Va , fGp)  0f (i)
BT O wr W
= _nvermr(l +m— }’l), (13)

where 7 is the learning factor. It affects the convergence speed
of w. The expressions of [, m, and n are shown as follows:

_ 4Varvd af(ia)

l
3 ow )
AV Vy 2ige W

3 (I te vy
m— 2\/§ VﬂrVd — 2V Va af(lb)

aow

’ < (14)
2BV Vg =2V Va  2ipe "

3 x (1 +e7wi,,)2
. 2v/3 Vg, Vg + 2Var Va 3f (i)

3 ow )
_ 2V3 Vg Va4 2V Va Qige Wi

X —.

3 (1 + e—wic)2
Therefore, the adaptive law of the weight value is obtained

as:

wk) =wk — 1)+ Aw
=wk—1)— 77Vermr(l +m—n). (15)

According to the proposed ANN structure, the motor phase
voltages in «-f axes are obtained after the dead-time voltage
is compensated. Considering that only one parameter needs
to be identified, the ANN structure mentioned before is sim-
plified to a three-layer ANN structure. The control block
diagram is shown in Fig. 5. When motor is running, the ANN
algorithm is used to identify the nonlinear function of dead-
time voltage in «-B coordinate system. The weight value is
modified according to (15) continuously. A new reference
voltage is obtained by the difference between the reference
voltage and the dead-time compensation voltage. Therefore,
the compensated reference voltages are approximated as the
actual phase voltages on the motor side.

In order to implement the dead-time voltage compensation
method without any system parameters, the above algorithm
needs to be executed as follows:

1. When the motor is at standstill, the maximum dead-time
compensation voltage is calculated according to the two-step
voltage method and (9).
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FIGURE 5. The control block diagram of dead-time voltage compensation
method based on ANN.

II. When the motor is running, the nonlinear function of
dead-time voltage is identified according to the ANN algo-
rithm. The maximum dead-time compensation voltage used
in the ANN algorithm is obtained by the step L.

D. CURRENT PREDICTIVE CONTROL

In the current loop, there is one-beat delay between the output
voltages and currents due to the sampling delay and the cal-
culation delay. According to the above analysis, the reference
voltages are used to replace the phase voltages after compen-
sation. Therefore, it is possible to use the reference voltages
to predict one-beat currents to eliminate the mentioned delay.
The a-B axes voltage equations are given as follows:

. dig
Vo =Rig +L— + ¢4
gt (16)
Vs = Rig +Ld—f +ep,

where R is the stator resistance, L is the stator inductance, V,,,
Vg, iq, and ig are the a-f axes stator voltages and currents,
respectively. e, and eg are the o-f axes back electromotive
force, which is calculated by motor speed, flux linkage, and
electrical angle.

The predicted currents are obtained as (17) according to
(16):

k£ 1) = i () + 2 [Vir (k) — ea(k) — Ria()]
L (17)

N T .
I+ 1) = i5(0) + 7 [Vpr (k) — () = Rig(k)],

where the reference voltages are used to replace the phase
voltages.

The predictive currents are used as the feedback currents
in the current loop in this paper. This will reduce the delay of
the feedback currents and improve the response capability of
the current loop.
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TABLE 2. Parameters of testing PMSM and inverter.

Symbol Quantity Value
R stator resistance 1.86Q
L stator inductance 2.8x10~°H
[0) magnetic flux 0.109Wb
ny, pole-pairs number 4
Ty dead time 3us
Vie de link 310V
P rated power 750W
fs switch frequency 12kHz

IV. EXPERIMENT RESULTS

The proposed compensation method is implemented in an
ARM MCU (KV3125612). The main frequency of the MCU
is 120MHz. The control cycle is 83.3us. And the computing
time of the ANN method is 9.5us. Therefore, it accounts
for 11.4% of the control cycle. The parameters of test-
ing permanent magnet synchronous motor (PMSM) and
inverter are shown in Table 2. The intelligent power module
(FSBB30CHG60F) is used as the power devices, which is the
inverter module of IGBTs. The switch frequency of IGBTs
is generally selected from 8khz to 16kHz. When the switch
frequency is increased, the heat dissipation capacity is need
to be increased due to the increase of switch loss. On the other
hand, when the switch frequency is decreased, the harmonics
of the current are increased due to the decrease of carrier ratio.
Therefore, the switching frequency is selected as 12kHz in
this paper. The dead-time in each switching period is set to
3us according to the recommendation of the intelligent power
module (IPM). The experiment platform is shown in Fig. 6.
A constant loading platform is used to control the load level.
The rated-power of the tested VSI is 750W, and the DC link
is 310V.

A. DEAD-TIME COMPENSATION VOLTAGE RESULTS
Fig. 7 shows the voltage and current waveforms of the two-
step voltage experiment. The experimental data are recorded

FIGURE 6. Hardware test platform.
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FIGURE 7. Voltage and current waveforms of two-step voltage method.
(Experimental data are obtained by serial communication).

in flash and transmitted through serial communication when
the test system is running. Firstly, the output of Vg is 12.6V,
and the measured ig is 1.476A. At 0.067s, the Vg is increased
to 14.4V, and the measured ig is 2.495A. V; is calculated as
8.65V according to (9). After the maximum dead-time com-
pensation voltage is obtained, only the weight value needs to
be identified by the ANN algorithm.

20
18
g16
$14
~N—
12
D
=10
8
6

6.96

2 3 4 5 6 7 8
Time(S)

0 1

FIGURE 8. The waveform of weight value correction process.
(Experimental data are obtained by serial communication).

Fig. 8 shows the correction process of the weight value.
The weight value tends to a stable value of 6.96 at 4s,
where the learn factor is 0.02. Since the nonlinear effects of
inverters are not affected by the load torque and motor speed,
the weight value remains constant under different working
conditions. Therefore, the nonlinear function of dead-time
compensation voltage is obtained.

After the nonlinear function is obtained, the voltages with
compensation and without compensation are shown in Fig. 9.
The compensation method with the sign function is selected
as a comparison. The waveforms of voltages before com-
pensation are distorted. This results in a voltage mismatch
between the reference voltages and phase voltages. Using
the reference voltages as the phase voltages for calculation
will cause the performance degradation or even failure. The
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FIGURE 9. The voltage waveforms of (a) uncompensated method, (b) compensation method with the sign function, (c) compensation method with the
proposed function. (Experimental data are obtained by serial communication).
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FIGURE 10. The xy plot of (a) uncompensated method, (b) compensation method with the sign function, (c) compensation method with the
proposed function. (Experimental data are obtained by serial communication).

voltage distortions are reduced by the compensation method
with the sign function. However, the discontinuities and
burred feature show up in the current zero-crossing region,
which degrades the compensation effect. Since the compen-
sation voltage in the proposed function changes continu-
ously with the phase currents in the zero-crossing region,
the voltage distortions, discontinuities, and burred feature of
the voltage waveforms are greatly reduced by the proposed
method. The waveforms of voltages compensated by the two
compensation methods are much closer to sinusoidal wave-
forms. This indicates that the compensated reference voltages
can be approximated as the phase voltages.

Fig. 10 shows the xy plot waveforms of different com-
pensation method. The red circular curves in Fig. 10 are
the theoretical voltage vector trajectory at 200rpm (16.5V).
The scattered point waveforms of the voltages compensated
by the two compensation methods are closer to the theo-
retical circular trajectory. This shows that the magnitude of
the voltage vector after compensation is a constant value.
This fits the proposed theoretical assumption of weight value
correction rule. However, there are some points away from
the theoretical circle, when the voltage is compensated by
the compensation method with the sign function. It is caused
by the discontinuity of the sign function in the zero-crossing

129998

region. Nevertheless, the points are much closer to the the-
oretical circle, when the voltage is compensated by the pro-
posed method. Therefore, the voltage mismatch between the
reference voltages and the output voltages is greatly reduced
by the proposed method. And the actual phase voltages are
obtained without adding any hardware.

B. CURRENT COMPENSATION RESULTS
Fig. 11 shows the current waveforms of different compen-
sation methods. The current distortions are reduced by the
two compensation methods. However, due to the sudden
change of the sign function in the current zero-crossing
region, the change of currents in the zero-crossing region is
discontinuous. Both the current distortions and the discontin-
uous phenomenon are greatly reduced by the compensation
method with the proposed function. Fig. 12 shows the Fast
Fourier Transform (FFT) results of different compensation
methods. The current harmonics caused by the nonlinear
effects of inverters are mainly the 5 and 7" harmonics.
The total harmonic distortion (THD) of the uncompensated
current waveforms is 7.91%.

The 5™ and 7 harmonics are suppressed by the two
compensation methods. However, the higher harmonics as
6, 8 and 10™ are increased by the compensation method

VOLUME 8, 2020
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FIGURE 11. The current waveforms of (a) uncompensated method, (b) compensation method with the sign function, (c) compensation method with the
proposed function. (Experimental data are obtained by an oscilloscope).
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FIGURE 12. The FFT results of (a) uncompensated method, (b) compensation method with the sign function, (c) compensation method with the proposed
function. (Experimental data are obtained by an oscilloscope).
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FIGURE 13. The current waveforms of (a) uncompensated method, (b) compensation method with the sign function, and (c) compensation method
with the proposed function. (Experimental data are obtained by serial communication).

with the sign function. This is caused by the discontinuous
change of currents in the zero-crossing region. When the
voltage mismatch is compensated by the proposed method,
the harmonic components mentioned above are not increased.
Therefore, the current distortions are significantly reduced
by the proposed compensation method, and the THD is also
reduced from 7.91% to 4.48%.

Fig. 13 shows the current waveforms of different com-
pensation methods in the -8 coordinate system and the d-q

VOLUME 8, 2020

coordinate system. The id = 0O control method is used. The
6™ harmonic is quite large in the d-axis current waveforms,
which is caused by the nonlinear effects of inverters. The 6
harmonic is suppressed by the two compensation methods.
However, by using the proposed compensation method, the
sixth harmonic component is significantly reduced. At the
same time, the 6" harmonic component in the compensated
g-axis current is quite small. Therefore, torque fluctuations
due to inverter nonlinear effects are reduced by the proposed
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FIGURE 14. The xy plot current waveforms of (a) uncompensated method, (b) compensation method with the sign function, and (c)
compensation method with the proposed function. (Experimental data are obtained by serial communication).

compensation method. Fig. 14 shows the xy plot current
waveforms of different compensation methods in the «-8
coordinate system. The compensated current trajectory is
much closer to a circle than the uncompensated current trajec-
tory. This indicates that the current distortions are reduced by
the two compensation methods. When currents are compen-
sated by the method with the sign function, the discontinuities
show up in the current zero-crossing region. This also shows
that using this method will cause the discontinuous change
of currents in the zero-crossing region. The trajectory of the
current compensated by the proposed method is a continu-
ous circle. Therefore, the current distortions are significantly
reduced by the proposed method both in the «-8 coordinate
system and the d-q coordinate system.
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FIGURE 15. Response waveforms of the normal current loop under
1500Hz excitation. (Experimental data are obtained by serial
communication).

Fig. 15 shows the current waveforms of the normal current
loop under 1500Hz excitation. The phase lag between the ref-
erence current and the feedback current is almost 90 degrees.
This means that the bandwidth of the current loop is 1500Hz.
Fig. 16 shows the current waveforms of the proposed current
loop under 2000Hz excitation. The phase lag between the
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FIGURE 16. Response waveforms of the proposed current loop under
2000Hz excitation. (Experimental data are obtained by serial
communication).

reference current and the predictive current is 45 degrees. But
the phase lag between the reference current and the feedback
current is 90 degrees. Therefore, the bandwidth of the pro-
posed current loop is 2000Hz. Through the above analysis,

the bandwidth of the proposed current loop is increased by
500Hz.

V. CONCLUSION

This paper proposes a dead-time voltage compensation
method based on ANN. The non-linear model of dead-time
compensation voltage is obtained through online identifica-
tion. The voltage mismatch is significantly reduced by the
proposed method. Applying this method to the current pre-
dictive control, the bandwidth of the current loop is increased
by 500Hz. The experimental results show that the current dis-
tortions due to the nonlinear effects of inverters are reduced
and the THD of currents is reduced from 7.91% to 4.48%.
Therefore, the phase voltages are obtained accurately and

VOLUME 8, 2020
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the current distortions are greatly reduced by the proposed
method without adding any hardware.
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