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Clamping Angle Control PWM Method to Restore
Linear Modulation Range of a Voltage
Source Inverter

Jae-Goo Kim, Member, IEEE, Kyo-Beum Lee

and Jung-Wook Park

Abstract—This paper proposes the new clamping angle control
(CAC) pulse width modulation (PWM) method to restore its max-
imum linear modulation range of voltage source inverters (VSIs)
reduced by the duty ratio limitation in hardware implementation,
which makes the VSIs to operate nonlinearly in the high modu-
lation range. The deadtime and the bootstrap gate driver circuit
mainly cause this duty ratio limitation in practice. In particular, the
bootstrap gate driver circuit is used in many industrial applications
by avoiding the additional power supply to apply the gate-source
voltage of power switches, and therefore making the VSIs to be
small size with the low cost. First, the proposed CACPWM method
is theoretically analyzed. Then, it is applied in the high modulation
range to overcome the limitation of the duty ratio due to the use
of the bootstrap gate driver circuit. Thereafter, its practical effec-
tiveness is verified by both simulation and experimental tests. Also,
the resulting harmonic distortions are compared with those by the
conventional PWM methods.

Index Terms—Bootstrap gate driver circuit, clamping angle
control (CAC), duty ratio, linear modulation range, pulse width
modulation (PWM), voltage source inverter (VSI).

NOMENCLATURE
te Period of carrier waveform.
tee Bootstrap capacitor charging time.
tq Deadtime.
t, Period of fundamental waveform.
Vp Positive dc-link voltage.
Vi Negative dc-link voltage.
v, Output voltage of an inverter with respect to Vi .

fe Frequency of carrier waveform.
fo Frequency of fundamental waveform.
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Output current of an inverter.

Subscripts, u, v, w for phase-leg assignment.
Maximum practical duty ratio except 1.
Unusable range of a practical duty ratio
(dﬁmit =1- dﬁlax)'

Minimum practical duty ratio except 0.
Maximum reference duty ratio in ¢, except 1.
Reference duty ratio for the x phase.
Line-to-line reference between D;, and D).
Reference duty ratio limited by d?,,, and & ; ,
which is calculated from D7

Regularly sampled reference of the duty ratio.
Reference duty ratio limited by ¢, and d” , ,
which is calculated from D?,.

Reference duty ratio calculated for compensa-
tion of deadtime effect.

Actual duty ratio for the x phase.

Phase offset angle of fundamental waveform.
Angle width clamped to Vp or Vi .

Angle width clamped to Vp.

Angle width clamped to Vi .

Clamping control angle.

Discontinuous PWM.

DPWM with clamping phase shifted by +30°
with respect to DPWMI.

DPWM with 0py of 60° at the peak value of
voltage reference.

DPWM with the clamping phase shifted by —30°
with respect to DPWMI.

DPWM with 0p v of 30°.

DPWM with 6y of 120°.

DPWM with 6p of 120°.

Maximum modulation index without the differ-
ence between D’ and D)™ .

Minimum modulation index without the differ-
ence between D} and D}".
Carrier-fundamental frequency ratio (m; =
fol o)

Reference modulation index.

Actual output modulation index.

Fast Fourier transform.

Pulse width modulation.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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CACPWM Clamping angle control PWM.
SPWM Sinusoidal PWM.

SVPWM Space vector PWM.

THD Total harmonic distortion.

1. INTRODUCTION

HE voltage source inverters (VSIs) have been being widely
T used in many industrial applications such as automobiles,
consumer electronics, etc. In general, they generate the harmon-
ics at integer multiples and sidebands of carrier frequency in its
linear modulation range by the PWM operation [1]. In general,
the maximum linear modulation range of VSIs is from 0 to
0.906, which is 7/(2+/3) [21, [3].

In addition, there are the subharmonics associated with the
fundamental frequency of a system due to the low frequency ra-
tio, beat components, output voltage errors, and duty ratio limi-
tation. Then, they might cause the audible noises and torque rip-
ples while decreasing the efficiency of a system in practice. Note
that the above subharmonics are generated when m; is lower
than 20-30 [4], [5]. Also, they might occur by beat components
[6], [7]. In this case, the frequency ratio must be at least over
15 up to 20 to remove them [8]. The voltage errors are caused
by the deadtime, turn-ON/OFF delay, voltage drop, etc. [9], of
which the deadtime is a major factor causing the nonlinearity
of VSIs in PWM operation. Some research works [9]-[11] have
reported methods to solve the deadtime problem. Note that the
deadtime of approximately 1-2 us is required for low-voltage
applications. In contrast, the traction-driving inverter with the
large current rating uses the deadtime of 2-8 us [11], [12].

The limitation of the PWM duty ratio at both very high and
very low duty ratios can reduce the linear modulation range,
in which the subharmonics are generated by the limitation. The
minimum pulse width is required to solve the over-voltage prob-
lem caused by the narrow pulse of voltage [2], [13]. Otherwise,
the output voltage of the VSI can suddenly increase two times
bigger than its nominal dc value [14]. Thus, it must be 2 or 3
times longer than the oscillation time. For example, the mini-
mum pulse width of 1 us is practically used for a 100 ft cable
[13]. The several control algorithms, which compensate for the
modulation index, have been reported in [2] and [15]. However,
they can generate the large harmonics. In addition, the variable
dwell time control has been introduced in [13]. However, this
also cannot increase the maximum value of a linear modulation
range. Finally, the use of a bootstrap driver circuit can also cause
the practical limitation of the duty ratio. It is widely used in the
industry because it avoids the additional switching mode power
supply (SMPS) to drive the gate of power switches. Therefore,
it enables to make the VSIs with the small size and low cost
[16], [17]. However, its use reduces the range of the duty ra-
tio by about 10-20% [18]-[20], which makes the operation of
VSIs nonlinear in the high modulation range. Hence, the other
solutions such as pulse transformer, optical method, and charge
pump drive can be applied instead of using the bootstrap driver
circuit [21]-[23]. However, they are expensive for their complex
circuits in hardware.

This study proposes the new CACPWM method to restore
the linear modulation range of VSIs reduced by the use of the
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Fig. 1. Practical and theoretical linear modulation ranges of the VSI.

bootstrap gate driver circuit. Then, the proposed method is ap-
plied in the high modulation range from 0.6 to 0.906, and the
sinusoidal PWM (SVPWM) is used in the modulation range
below 0.6. A linear compensation method [10] is used for the
deadtime compensation. This paper is organized as follows. Sec-
tion II theoretically analyzes the practical limitation of the linear
modulation range. Thereafter, the proposed CACPWM method
and its application strategy are described in Section III. Then,
both simulation and experimental results to verify the effective-
ness of the proposed method are given in Sections IV and V,
respectively. Finally, conclusions are given in Section VI.

II. LINEAR MODULATION RANGE IN PRACTICE

Fig. 1 shows the variations of M* for a given M *. The max-
imum value of M*“ is theoretically 1. However, the maximum
value of the linear modulation index is 0.906. In other words, the
VSI operates linearly in the range from 0 to 0.906. Moreover,
its practical use in hardware implementation can limit this to the
smaller range, as shown in Fig. 1. On the other hand, the VSI
operates nonlinearly over 0.906. Then, the subharmonics can be
generated in this over-modulation (nonlinear) range [24] while
causing several problems such as the large amount of harmonic
currents, the decrease in the output voltage gain, the abrupt pulse
dropping of switching devices, etc. [25]. Even though there are
some particular applications used in the over-modulation range,
this paper focuses on the operation in the linear modulation
range while avoiding the consideration of the above-mentioned
subharmonic problems.

The SVPWM and discontinuous PWM (DPWM) methods are
widely used for VSI applications. Therefore, their performance
will be compared to that of the proposed CACPWM method.
Note that the DPWM method includes its six representative
methods, which are the DPWMO, DPWM1, DPWM2, DPWM3,
DPWMMIN, and DPWMMAX methods.

A. Limitation of the Duty Ratio in Hardware Implementation

Although D" is ideally in the range from O to 1, the ranges
of (0 < D" <d’. )and (d’,,, < D" < 1) cannot be used in

min max
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practice. In the range from d’ ; to d? .., D* can be controlled
to be the same value of D".

In order to define d?, , ., the switching state during one switch-
ing period is shown in Fig. 2 when D" is d%, , .. When the output
current is positive, the output voltage becomes 0 V for ¢., as
shown in Fig. 2(a). Then, D* can be adjusted to the same value
of D" by applying D"¢ calculated from the compensation al-
gorithm of the deadtime effect. Fig. 2(a) presents the switch
state with minimum turn-ON time of the lower switch, which
guarantees the time ¢... Otherwise, as shown in Fig. 2(b), when
the output current is negative, D” becomes the same as D" by
applying the compensated reference. Then, d}; . and d? . are

expressed as

tq + tee
ﬁmit - t(’ = (1)
d{)nax =1- dﬁmit' (2)

When D’ is very low, the corresponding switching states are
shown in Fig. 3. If the output current is positive, D is the same
as the turn-ON time of the upper switch, as shown in Fig. 3(a).
Then, D* can be controlled with the same value of D" until D"
is 0. However, when the output current is negative, D can be
equal to D" with the ratio of ¢4 to ., as shown in Fig. 3(b).
Thus, D® can be controlled while ¢, is decreased. Therefore,
d’ . becomes zero, and the practical limitation in the low duty

min

ratio is not defined in this case.
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conventional PWM methods.

B. Reduction of the Linear Modulation Range in Practice

The reference duty ratio of the SVPWM is shown in Fig. 4,
where D" is made from D, by the regular sampling with m s of
40. Then, when it is limited by d? the error by this limitation

max?

decreases the linear modulation range. This effect of reduction
becomes significant when my is large, or d . is small.

The values of d .. by four conventional PWM methods,

which are the SVPWM, DPWMO, DPWM1, and DPWMMIN
methods, are shown in Fig. 5 with three different characteris-
tics for the practical linear modulation range. That is, d;, . by

max

the SVPWM and DPWMMIN methods increase linearly with
respect to M*. And, when d, . is the same as d? the cor-

max max?

responding M* is mZ ... When the DPWM1 method is used,
dr .. keeps decreasing to M* of 0.6, and it increases again to

the maximum M™ of 0.906. Therefore, there are two values of
M*, which are m?,  and m! . . such that d}, . is the same
as db, ... For the other PWM methods including the DPWMO,
DPWM?2, DPWM3, DPWMMAX, etc., d; .. is almost 1 for
all M*. Therefore, these methods may not operate linearly
at any M*. As the result, this paper considers the SVPWM,
DPWMMIN, and DPWMI1 for the comparison with the pro-
posed CACPWM method.

The maximum modulation index can be calculated from d},

because 6, is fixed for each modulation method when the
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reference is d,,.. As shown in Fig. 4, the SVPWM method
has d;, .. when 0, is 30°. Also, the DPWMMIN method has
d¥,.x When 6, is 30°. On the other hand, the DPWM1 method
has d} ., at 6, of 90° when M * is small, or at 6, of 30° when
M~ is larger than 0.6046. Then, from the definition of the duty
ratio in [26], D; of SVPWM and DPWMMIN are expressed,

respectively, as follows:

: 23, . O
Dy svpwwy = 0.5 (WM'COS (6, —30°) + 1)
0° <6, <60° 3)
: 23 . )
Dy opwyming = — TM cos (0, + 150°)
0° <6, <120° (4)

where the maximum modulation indices of SVPWM and
DPWMI are represented by the following equations if 6, and

D* are substituted by 30° and @ , ., respectively:
» ™
m = —=-(2dh . — 1 5
maxL(SVPWM) 2\/3 ( max ) ( )

ya

— P
My axL(DPWMMIN) — (6)

m
2\/3 dmax'

For the DPWM1 method, D; is expressed by (7) when 6, is
30°, and therefore, the maximum modulation index can be given
by (6), which is identical to that by the DPWMMIN method.
However, when M* is small, d;, . of the DPWMI method is
the duty ratio at 6, of 90°. Then, D is expressed by (8), and
the maximum modulation index can be represented by (9) as
follows

DZ(DPWM]) = — ——M"cos (6, + 150°)

2v3
m
30° < 6, < 90° (7

2v/3
D ppwamry =1+ T\[M*COS (6, +30°)

90° <6, < 150° )

™ . o

In particular, the DPWMI method has its m? . when M*
is greater than 0.6, and it can be computed by (6) for the
DPWMMIN. For the SVPWM method, m’ Lax(SVPWA) be-
comes 0.785 if its duty ratio is reduced by 6.7% due to the
practical limitation (therefore, dF,,, = 0.933). Even though
the DPWMI method has the larger mZ% .. than the SVPWM,
it still has m} ; . In the conclusion, the DPWMMIN method
has the largest linear modulation range among the conventional
PWM methods.

p _
MyyinL(DPWML) —

III. PROPOSED CACPWM METHOD
A. Characteristic of the Proposed CACPWM Method

The proposed CACPWM method operates as a discontinuous
modulation method, in which one phase is clamped to Vp or
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method.

Vi during t. [27]. However, differently from the conventional
DPWM, which uses the fixed 8p and 6y of 30°, 60°, or 120°
during ¢,, the proposed CACPWM method varies fp and 6y
according to M*, as shown in Fig. 6. In other words, fp is added
by 0., in the range from 0° to 30°, and 6y is subtracted by 0.
such that the sum of p and 0 is always 120° as

{6‘p = 60° + 26,

. 1
Oy = 60° — 20, (19)

Then, the reference duty ratio of the u phase D] of the pro-
posed CACPWM method is controlled as (11). The reference
duty ratios for the other v and w phases D;, and D;, are con-
trolled by the phase differences of 120° and 240° from D;,
respectively. Note that the proposed CACPWM method has the
same D* as the DPWM1 and DPWMMAX methods when 6.,
are 0° and 30°, respectively

D; =

1, 0° <6, < 30° + b,
Micos (6, —30°),  30°+ 6o < 0, < 90° — 0.,
14 Mycos (6, +30°),  90° — B, < 0, < 150° + O,
0, 150° 4 0,0 < 0, < 210° — 6,0
14 Mycos (6, —30°), 210° — 6, < 6, < 270° + O,
Micos (6, +30°),  270° + 6. < 0, < 330° — O,
1, 330° — 6, < 6, < 360°
(11)

where M, = 27T—‘/§M*

B. Selection of a Clamping Control Angle

To restore the original linear modulation range based on
the proposed CACPWM method, .. is first selected in offline

such that d; .. is minimized for each M*, as shown in Fig. 6.

Then, they are stored in the look-up table of the hardware mem-
ory of the VSI, and they are operated in real-time.
The proposed CACPWM method has d, . when 6, is “30° +

0..” or “90° — 6,..”. Its reference duty ratio can be expressed by
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(12) and (13) based on (11). Then, 6,.. for each M* is calculated
such that the larger one among values of the following equations
is minimized:

D; = Mcos (6..)

D; =1+ Mjcos(120° — 0,.) .

12)
13)

The variations of D* in (12) and (13) depending on the values
of 6., are shown in Fig. 7. When M* is small, d; . of the
CACPWM method is identical to that of the DPWM1 method.
However, when M * is larger than 0.6046, d;, . of the CACPWM
method becomes the point of intersection on the variations by
(12) and (13), which is the optimal clamping control angle. It is
shown in Fig. 8.

It is observed from Fig. 8 that 6.... is kept to be O until M* be-
comes 0.6. After that, it is increased to 24.22° at maximum when
M* is 0.906. Therefore, the use of the proposed CACPWM
method is the most effective in the ranges with M* over 0.6
while restoring the linear modulation range of VSIs reduced
by the use of the bootstrap gate driver circuit. Otherwise, it
will operate as the DPWMI. d; .. of the proposed CACPWM
method is shown in Fig. 9. It is clearly observed that the pro-
posed CACPWM method has the lowest d;; . among all PWM
methods when M* is over 0.6. In particular, the value of d}; ,
corresponding to M ™ of 0.906 is 0.9. This means that the pro-

posed CACPWM method can restore the original maximum
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Fig. 9. Maximum reference duty ratio (d}, ,,) of the proposed CACPWM
method.

linear modulation range even though df; .. is limited by 10%
due to the hardware implementation. Moreover, it still provides
the larger linear modulation range than the other PWM methods
even when d. . is limited by more than 10%.

limit

C. PWM Strategy

Because the proposed CACPWM method has the same lim-
itation of the duty ratio as the DPWMI in the low modula-
tion range, the SVPWM or DPWMMIN method is used to-
gether. In general, the SVPWM method provides the better har-
monic performance in the range with M ™ below 0.6 than the
DPWMMIN method [28], [29]. Therefore, for this study, the
proposed CACPWM method is applied to the VSI in the range
with M* over 0.6, and the SVPWM method is practically used
in the other range.

IV. SIMULATION RESULTS

The performances of the proposed CACPWM method are first
evaluated with the comparison of those of SVPWM, DPWMI,
and DPWMMIN methods by simulation test. Note that the other
DPWMO, DPWM2, DPWM3, and DPWMMAX methods have
distortions of the reference duty ratio when there is the limita-
tion of the duty ratio. When M* is 0.85 and df; ,, is 0.1, the
waveforms of D, and D}, are shown in Fig. 10. When D is
lower than the threshold value d{’h defined by (14), the reference
becomes d?,, .. In contrast, when D} is higher than d, the
reference becomes 1 [30]

1
diy = dihax + 5 (1= dhia) - (14)

It is observed that the line-to-line D, in the range from —1
to 1 is two times bigger than the line-to-ground D); in the range
from O to 1, and it is shifted by +30° for D} . In particular,
it is clearly shown that the reference waveform of D] by the
SVPWM, DPWM1, and DPWMMIN methods is distorted due
to the saturation of D to d? . in the relatively wide range
of 6, when D; is bigger than d? Also, the responses of

are abruptly changed when the transition of D)

max-*
* *
Du and DU?)
and 1. In contrast, the response of D is

P
occurs between db
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not distorted when the proposed CACPWM method with 6p of
104°, 0 of 16°, and .. of 22° is applied. This is because the
CACPWM method does not use D}, over 0.9. In other words,
d, . by the CACPWM method becomes 0.9 when M ™ is 0.906.

When the VSI operates with dﬁmit of 0.1, f. of 20 kHz, and
fo of 250 Hz, the FFT results of V,,,, are shown in Fig. 11. They
are regularly sampled from the results of Fig. 10. For the lower
order harmonics, the FFT result by the proposed CACPWM
method is compared with that by the SVPWM, DPWM1, and
DPWMMIN methods. The maximum values for fifth- and
seventh-order harmonics are 2%, 0.8%, and 1.2% for the
SVPWM, DPWM1, and DPWMMIN methods, respectively. In
contrast, it is below 0.1% by the proposed CACPWM method
while showing the best harmonic performance.

Also, the weighted-THD (WTHD) of the output voltage is
calculated by the following equation, and their values with re-
spect to M* depending on different m and d?, ,  are compared
in Fig. 12

Efzo:2 (Vn/n)2

WTHDy = v
1

(15)

10919

) -
. dl =09
—Oo— SYPWM
% —£— DPWM1 %
= 2 DPWMMIN -
b —k— CACPWM =
(a)
4
)2
3 dmax =08

WTHD

WTHD
. - N

06 07 . 08 09
M
(b)
Fig. 12.  Comparison of WTHD of V,,,: (@) my = 80 and (b) m; = 200.
0.05 0.1
dp.. =09 dh. =08
30.05
S
= o--—*—a«%@ 03 3
s e s
- -0.05
——
-0.05 -0.1
0.6 0.7 0.8 0.9 0.6 0.7 0.8 09
M M
(@
0.05 0.1
dh.. =09 dl.. =08
0.05
& /5\
g- 0— z/i'/ju\xﬁ\ © o4 ! *—s
bS TS
-0.05
-0.05 -0.1
06 07 o 0.8 09 06 0.7 o 0.8 0.9
(b)
Fig. 13.  Difference between M ™ and M“: (a)m; = 21and (b)m; = 200.
When d?, .. is 0.9, mP. _ are 0.725 for the SVPWM method

max max

and 0.816 for both the DPWMI1 and DPWMMIN methods.
When d2 .. is 0.8, mf . are 0.544 for the SVPWM method
and 0.725 for both the DPWM1 and DPWMMIN methods. In
contrast, m’ ., of the proposed CACPWM method is 0.906,
which is the ideal maximum linear modulation index, for both
cases. Particularly when d? . . is small, the proposed CACPWM
method shows much better performance than the other PWM
methods. Also, the large value of m; improves the WTHD
of the CACPWM method regardless of d?, ... To evaluate the
linearity of the modulation index more clearly, the difference
between M* and M® is calculated, as shown in Fig. 13. It is
clearly observed that the proposed CACPWM method provides
the best performance among all PWM methods. Note that there
my has the little effect on the linearity of the modulation index.
Each PWM method starts to have the error between M ™ and

M?* from its m? .. This is the same as the analysis of WTHD.

max*
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Fig. 15.  Comparison of WTHD of V,, depending on different PFs when m s
is 80.

For each method, the error increases, and then it decreases to
a negative value because the reference duty ratio at the unused
range (from d? . to 1) is determined at the midvalue between
db .. and 1.

The deadtime effect is considered for practical implementa-
tions. For the compensation of deadtime effect, a linear compen-
sation method is used in this paper [10]. The simulation results
considering the deadtime effect are shown in Fig. 14. The mag-
nitudes of FFT analysis by all PWM methods are increased for
most harmonics in low frequency. Nevertheless, the distortions
below 0.8% are observed for the proposed CACPWM method,
which still shows the best harmonic performance among all
PWM methods.

While considering the deadtime effect, the harmonic perfor-
mance of WTHD and reference linearity depending on different
power factors (PFs) are shown in Figs. 15 and 16, respectively.
Note that my is 80 and d? .  is 0.9. Both results show the

max

—— SVPWM
—4A— DPWM1
DPWMMIN
—¥— CACPWM
-0.05 -0.05
06 07 08 0.9 06 0.7 .08 0.9
M M
0.05 0.05
Power factor angle = 50° Power factor angle = 70°
(]
E. 03 §—
=
-0.05
06 07 08 0.9

M

Fig. 16.
my is 80.

Difference between M* and M“ depending on different PFs when

similar tendency to those in Figs. 12 and 13, and the proposed
CACPWM method still shows the better performance than the
other three PWM methods.

V. EXPERIMENTAL VERIFICATIONS

A. Hardware Implementation

The effectiveness of the proposed CACPWM method is veri-
fied on the three-phase VSI system of 10 kW applied to the prac-
tical mild hybrid vehicle in the industry, as shown in Fig. 17(a).

The practical VSI in Fig. 17(a) uses the bootstrap gate driver
circuit and metal-oxide—semiconductor field-effect transistor
(MOSFET) switches. Their maximum ratings are the drain-to-
source voltage of 80 V and the drain current of 300 A. Also,
the total gate charge of MOSFET is 564 nC. The bootstrap ca-
pacitor of 2.2 uF is used, and it is designed with the charging
time of 8 us. This practical VSI has the deadtime of 2 us at
the maximum current. Therefore, d?, .. becomes 0.9 when its
switching frequency is 20 kHz. The 32-bit microcontroller with
the maximum core frequency of 120 MHz is used to implement
the proposed method in real-time. Also, the practical induction
motor with the rated power of 10 kW is used for the test load,
as shown in Fig. 17(b). The oscilloscope of Lecroy WaveSurfer
104Xs-A is used to measure the voltages and currents. That is,
the high-voltage differential probe of LeCroy ADP305, which
has the bandwidth of 100 MHz, is used for the voltage measure-
ment. Also, the current probe of LeCroy CP500 is used for the
current measurement.

B. Experimental Results

The output voltages and currents by the SVPWM, DPWMI,
and proposed CACPWM methods are first measured when M*
is 0.85. Their fundamental frequency is adjusted to 250 Hz.

The results are shown in Fig. 18. It is observed from Fig. 18(a)
that the VSI by the SVPWM method operates with the proper
responses of line-to-line voltage V,,,, and phase current /,,. When
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Fig. 17.
test set-up.

Hardware implementation. (a) VSI of 10 kW. (b) Induction motor

the DPWMI1 method is used, the ranges, where V,, is clamped
to Vp and Vi, remain constant by 60°, as shown in Fig. 18(b).
Finally, when the proposed CACPWM method is applied, M*
is 0.85. Thus, 6. of 22° is selected in the look-up table formed
from Fig. 8. Then, 0p of 104° and Oy of 16° are obtained
by (10). These calculated values are the same as those of the
experimental result in Fig. 18(c).

All output voltages and currents in the experimental test are
measured by 25 samples/us. These measured data during ¢,
are used for the FFT calculation by using the MATLAB soft-
ware. In other words, the measured data of 10 000 samples (=25
samples/us x 4 ms) and 5000 samples (=25 samples/us x 2 ms)
are used for the FFT calculation of 250 and 500 Hz waveforms,
respectively. Then, the FFT results of the output voltage are
shown in Fig. 19. The low-frequency harmonic components of
about 1-2% are observed for the SVPWM and DPWM1 meth-
ods. However, they are less than 1% by the proposed CACPWM
method, which shows the best harmonic performance. This ex-
perimental result shows the very good agreement with the sim-
ulation result of Fig. 14.

When the induction motor operates in a high current mode,
the values of WTHD of V,,,, with respect to M* depending on
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Fig. 18. Output voltages and currents when M* is 0.85 and d/},, is 0.9.
(a) SVPWM. (b) DPWMI. (¢) CACPWM.

different d? . are compared in Fig. 20(a). This result is consis-
tent with the simulation results in Figs. 12 and 15 except for the
small difference of about 0.5% due to the practical issues such
as voltage drop in the power switches and parameter imbalance
of the motor. Also, the values of THD of I, are compared in
Fig. 20(b). The superior performance of the CACPWM method
to the other methods becomes obvious particularly when d?, .
is small. In addition, it is observed from the result of Fig. 20(c)
that the proposed CACPWM method can restore the linearity
of the modulation index up to its maximum value M* of 0.906
when d?, , . is 0.9. Even when d?, , . is 0.8, which is smaller than
0.9, the CACPWM method still provides the best performance
while restoring almost linear modulation range.

The experimental test is also carried out in a low current
mode when f, is 500 Hz and m; is 40. The PF angle is 55°.
Then, the output voltage and current waveforms are shown in

Fig. 21. In this low current mode, only harmonic performance
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is analyzed because the linearity of the modulation index is
maintained under the condition, where m; is higher than 21.
When d? .. are 0.9 and 0.8, the values of WTHD of V,,
are shown in Fig. 22(a). They show a similar tendency to the
simulation resultin Fig. 15. In particular, the values of WTHD of
Vv in this low current mode are increased by about 1% when
compared to those in Fig. 20. This is caused by the low m;.

Also, the values of THD of I, are shown in Fig. 22(b). They
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clearly prove that the proposed CACPWM method has the best
harmonic performance among all PWM methods.

VI. CONCLUSION

The deadtime and the bootstrap gate driver circuit mainly
cause this duty ratio limitation in practice while resulting in the
reduction of the linear modulation range of the VSI. To solve
this problem, this paper proposed the new CACPWM method
to restore the maximum linear modulation range of the VSI
effectively. In addition, a linear compensation method is used
for the deadtime compensation.

The performances of the proposed CACPWM method were
evaluated by both simulation and experimental tests on the three-
phase VSI system of 10 kW applied to the practical mild hybrid
vehicle in the industry. Moreover, they were compared with
those of the other existing PWM methods such as the space
vector and discontinuous PWM methods. The result showed
that the only the proposed method could restore the maximum
linear modulation range of 0.906 for the VSI. Also, it could
improve the harmonic performance effectively. For the further
study, the overall PWM strategy including the over-modulation
range is being investigated.
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