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Abstract

This paper proposes a novel discontinuous PWM (DPWM) in order to reduce dc-link current
harmonics of a voltage source inverter (VSI) over wide load-power-factor range. This modulation
method, which requires only one carrier, contributes to a lifetime extension of smoothing capacitors in
a motor drive system. Furthermore, by realizing this modulation method with only one carrier, a high
cost hardware such as a field-programmable gate array (FPGA) is not necessary. By adding an offset to
voltage references of conventional DPWM, and shifting two unclamped voltage references in every half
control period, the dc-link current harmonics are reduced even when load power factor changes. It is
clarified by experiments that the proposed DPWM reduces the dc-link current harmonics by 18.4% at
most at modulation index of 0.705 and load power factor of 0.819.

l. Introduction

Three-phase AC motors are widely used in both the industrial and household applications [1]-[7].
Recently, lifetime extension of AC motor drive systems has been actively researched [8]-[9].

Generally, electrolytic capacitors are used as a smoothing capacitor in dc-link of three-phase VSI.
The smoothing capacitor absorbs inverter dc-link current harmonics, and eventually deteriorates as a
result of exothermic reaction of its electrolyte. Therefore, the lifetime of the smoothing capacitor is the
most critical issue for the lifetime extension of the whole motor drive system. In order to extend the
lifetime of the smoothing capacitor, a method applying film capacitors instead of the electrolytic
capacitor as the smoothing capacitor has been proposed [10]. However, this method makes the motor
drive system bulkier because of low energy density of the film capacitors compared to the electrolytic
capacitors.

On the other hand, it is also possible to extend the lifetime of the smoothing capacitor by reducing
the dc-link current harmonics of VVSI. Therefore, modulation methods of VSI, which reduce the dc-link
current harmonics of VSI, have been also proposed [8]-[9], [11]. In [8]-[9], double carriers, which
consist of an original triangular carrier and a second triangular carrier whose phase is opposite to the



first one, are used for the modulation as a double-carrier-comparison pulse width modulation (PWM).
In particular, the dc-link current harmonics are reduced by minimizing the zero vector period by
comparing only one voltage reference with the inverse triangular carrier and comparing the other voltage
references with the original carrier. However, this method leads to a constraint of the digital hardware
due to the generation of the inverse triangular carrier. Furthermore, when the load power factor becomes
lower than 0.866, the dc-link current harmonics cannot be reduced by these methods.

As another approaches to minimize the dc-link current harmonics, a novel space vector PWM
(SVPWM) has been proposed in [11]. In this SVPWM, the output voltage space vectors are selected in
order that the zero vector period is shortened. Besides, by changing the output voltage space vectors
according to polarities of output phase currents, the SVPWM in [11] can adapt to the variation of the
load power factor. However, the employment of the proposed SVPWM also leads a constraint of the
digital hardware because the SVPWM needs to not only compare the on-duties of the selected output
voltage space vectors with single carrier but also decide the gating signals based on the carrier
comparison results in order to realize the optimized combinations of the output voltage space vectors
for the reduction of the dc-link current harmonics.

This paper proposes a novel carrier-comparison DPWM which uses only one carrier in order to
reduce the switching-frequency-order dc-link current harmonics of VSI and eliminates the need of the
complex digital hardware. In other words, the proposed DPWM can be simply implemented by the
general-purpose micro-computer for power electronics. In order to use just only one carrier, two
unclamped phase voltage references of the conventional DPWM are shifted in every half control period.
This leads to a smaller fluctuation of the dc-link current around its average value, which reduces the dc-
link current harmonics. Furthermore, by adding an offset to all voltage references of the DPWM in order
to optimize the phase of clamped voltage reference and its clamped value, the dc-link current harmonics
are reduced even when the load power factor varies.

This paper is organized as follows; first, the reduction method of the dc-link current harmonics by
using the novel voltage references of the DPWM is introduced. Next, the mechanism to adapt the
variation of the load power factor is explained. Finally, the effectiveness of the proposed DPWM is
confirmed by simulation and experiment.

Il.  Proposed PWM method to reduce dc-link current harmonics of VSI

A. Conventional discontinuous PWM

Fig. 1 shows a three-phase VSI employed in the motor drive system. The three-phase VSI consists
of three half bridges. If the semiconductor switching devices are assumed to be ideal, the conduction
status of each half bridge can be represented by the binary switching functions as
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Fig. 1. Three-phase two-level VSI employed in motor drive system.



Output phase currents of the VSI at steady state operating condition can be expressed as
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where, I is the maximum value of the output phase current, f is the fundamental frequency, and ¢ is the
load power factor angle, i.e. the phase difference between the phase voltage and phase current,
respectively.

Fig. 2 shows the normalized voltage references of the continuous PWM (CPWM) and DPWM and
an offset for the DPWM at the modulation index of 0.8. These voltage references of the DPWM are
obtained by adding the offset v'oset to the voltage references of the CPWM [12]. The voltage references
of the CPWM and DPWM and the offset are expressed as

*

V. coum = M-cos(27 ft)
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and {Vmax = max[vu.CPWM'Vv.CPWM'VW.CPWM]

Viin = mln[ Vu.CPWM’Vv.CPWM’VW.CPWM]

where, m is the modulation index.
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Fig. 2. Normalized voltage references of CPWM, conventional DPWM and offset at m = 0.8.
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Fig. 3 shows the zoomed-in waveform of the dc-link current of VSl ipc.in and the switching functions
Sy ~ Sw With the conventional DPWM at the modulation index of 0.8, the phase angle of 50 degrees and
the unity load power factor. The instantaneous value of the dc-link current of VSl is the superposition
summation of the switched current pulses from each phase leg [13] and calculated as

iDC.in = Z(Sx X Ix) (6)

X=Uu,v,w

The shaded area in the instantaneous waveform of the dc-link current of VSl in Fig. 3 indicates the
time integral of the difference between the instantaneous value and average value of the dc-link current
of VSI. This difference is absorbed by the smoothing capacitor. Therefore, the shaded area in Fig. 3
expresses the instantaneous root-mean-square (RMS) value of the current flowing into the smoothing
capacitor, which is calculated as
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where, Ts is the control period, I is the maximum value of the output phase current of VSI and ¢ is the
load power factor angle. It is obvious that the shaded area, expressing the dc-link current harmonics of
VSI, becomes larger when the fluctuation of the dc-link current around its average value is large [14].
In the case of the conventional DPWM, the center of the gate pulses is the same as the center of the
control period. As a result, the overlapping period of the gate pulses becomes the longest at any time.
This leads to the large fluctuation of the dc-link current around its average value, i.e. the large dc-link
current harmonics.

B. Proposed discontinuous PWM

The operations of the proposed DPWM change corresponding to the load power factor. At the unity
load power factor, two unclamped voltage references of the conventional DPWM are shifted in every
half control period to reduce the dc-link current harmonics. On the other hand, when the load power
factor becomes low, first, three voltage references is added with an offset, then, two unclamped voltage
references are shifted in half control period.
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Fig. 3. Zoomed-in waveforms of dc-link current and switching functions with conventional DPWM at m = 0.8, 2zft = 50 deg., cos ¢ = 1.
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B-1. Operation at unity load power factor

Fig. 4 shows the zoomed-in waveform of the dc-link current of VVSI and the switching functions with
the proposed DPWM at the modulation index of 0.8, the phase angle of 50 degrees and the unity load
power factor. In the proposed DPWM, the fluctuation of the dc-link current around its average value is
reduced by displacing the center of the gate pulses. Note that the proposed voltage references are realized
based on the premise that the voltage references can be updated at the positive peak and negative peak
of the carrier by the general-purposed micro-computer for power electronics. In particular, the voltage
references of the proposed DPWM for the reduction of the dc-link current harmonics are generated as

follows:

1.
2.

Splitting the control period into “DOWN” and “UP” periods.
Shifting two voltage references, other than the clamped voltage reference of the DPWM, to
reach 1 or -1 one after the other in these periods as
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where, a and b indicate phases whose the voltage references are not clamped, i.e. the u and v
phases in Fig. 4 for example, v appwm and v popwim are the conventional voltage references, v a

and v’y are the shifted voltage references in the proposed DPWM.

Note that the average values of these shifted voltage references in the control period are as same as those
of the conventional voltage references. With these shifted voltage references, the overlapping period of
the switching functions is shortened. Consequently, this leads the reduction of the dc-link current
harmonics.

Fig. 4. Zoomed-in waveforms of dc-link current and switching functions with proposed DPWM at m = 0.8, 2zft = 50 deg., cos ¢ = 1.
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However, note that the reduction effect on the dc-link current harmonics of the proposed DPWM
depends on the load power factor because the instantaneous value of the dc-link current of VSI depends
on the output phase currents. Therefore, it is necessary to deal with the variation of the load power factor
in order to reduce the dc-link current harmonics of VSI over wide power factor range, which is a typical
requirement of the motor drive system.

B-11. Operation over wider load-power-factor range

Table | shows the definitions of the sectors which are determined by the combination of the detected
output phase currents of VSI. These sectors (A~F) are necessary to recognize the conditions of the output
phase currents.

Fig. 5 shows the conventional and shifted voltage references at the modulation index of 0.8 and the
load power factor of 0.966 (¢ = 15 deg.). In order to employ the proposed DPWM to any condition of
the load power factor, first, three conventional voltage references v'xppwm (X = U, v, W) are added with
the offset Vser2 t0 Obtain the voltage references with the offset v'xpppwim. Note that the offset value
Vortset2 IS Optimized according to the conditions of the output phase currents and the clamped phase. In
the case of sector B, for example, where iy and iy are positive and iy is negative, the switching function
of w phase must be 0 to obtain the minimum fluctuation of the dc-link current around its average value.
If the switching function of w phase becomes 1 during sector B, the instantaneous value of the dc-link
current becomes negative, which leads to the large fluctuation of the dc-link current around its average
value, i.e. the large dc-link current harmonics. Next, two unclamped phase voltage references are shifted
in every half control period according to (8)-(9), which results in the voltage references v’ of the
proposed DPWM.

TABLE |
SECTOR DEFINITIONS OF PROPOSED DPWM.
Current polarity Optimized
Sector (P: Positive, N: Negative) clamped value
iy iy iw Kocv
A P N N 1
B P P N -1
c N P N 1
D N P P -1
E N N P 1
F P N P -1
Proposed Sector E F
c D —
B
A A
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0 T- iV iW —
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Fig. 5. Proposed voltage references at m = 0.8, cos ¢ = 0.966 (¢ = 15 deg.). V'xpopwm are generated by adding an offset V'oftset2 10 V'x.opwm

in order to keep the clamped period of the voltage reference at each proposed sector. The voltage references of the proposed DPWM v’
are finally generated by shifting two unclamped voltage references of v'xpopwm in every half control period.
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Fig. 6. Proposed voltage references at m = 0.8, cos ¢ = 0.707 (¢ = 45 deg.). In gray periods, the voltage references of the conventional
DPWM are applied to avoid the overmodulation operation due to adding the Voffset.2.

In the proposed DPWM, by adding the offset to all voltage references of the conventional DPWM,
the phase of the clamped voltage reference and its clamped value are adjusted optimally for the reduction
of the dc-link current harmonics of VSl at each proposed sector. The voltage references v'x popwm OF the
proposed DPWM and the offset Voser2 adding to the conventional voltage references v'xppwwm is
calculated as

Vipopwm = Viopwm T Vortset2 (X =u,Vv, W)'
Kocy = Vi pwm if sector=A, D,

*

andV .., =1 Kooy —Vopwn I SECtOr= B, E,

*

Kocv = Vurwwm if sector=C,F.

(10),

where, Kocv is the optimized clamped value of the voltage reference at each proposed sector, as shown
in table I.

Fig. 6 shows the proposed voltage references at the load power factor of 0.707 (¢ = 45 deg.). When
the load power factor is lower than 0.866 (¢ < 30 deg.), the periods when the absolute values of the
proposed voltage references v'xpopwm becomes more than 1 due to adding the offset v orset 2 at each sector.
Therefore, the voltage references v'xppwm Of the conventional DPWM are applied in these periods as
shown in the shaded areas in Fig. 6, in order to avoid the overmodulation operation. Accordingly, the
phase of the clamped voltage reference is not the optimized value for the reduction of the dc-link current
harmonics in these periods. Thus, the shifting of two unclamped voltage references in every half control
period are not performed in these periods.

I11. Simulation and experimental results

The performances of the conventional and proposed DPWM are investigated by simulation and
experiment. The switching frequency of VSI is 10 kHz. In the experiment, a three-phase induction motor
(MVKB8115A-R, Fuji Electric Co., Ltd.), the rated power of which is 3.7 kW, is used as a test motor.
The load power factor is varied from 0.259 to 0.819, in the case of driving mode, by controlling the
torque of a load motor.



Fig. 7 shows the u-phase voltage reference, the measured line voltage, the dc-link current and u-
phase output line current of VSI with each modulation method at the modulation index of 0.705 and the
load power factor of 0.819. When the load power factor is 0.819, the applying interval of the proposed
DPWAM is long and two unclamped voltage references are shifted in half control period as shown in Fig.
7(b). It is confirmed that the width of the step change in the dc-link current of VSl is reduced by applying
the proposed DPWM. On the other hand, the switching-frequency-order harmonic components of the
output line voltage are worsened by the proposed DPWM as it could be predicted since an instantaneous
voltage error during the control period is higher with the gate pulses of the proposed DPWM than those
with the conventional DPWM.

Fig. 8 shows the harmonic components of the dc-link current of VSI under the same conditions as
Fig. 7. The value of 100% at the vertical axis means the maximum value of the output phase current. By
applying the proposed DPWM, the switching-frequency-order harmonic components of the dc-link
current is reduced by 5.49%.

Fig. 9 shows the simulation and experimental results of the dc-link current harmonics with each
modulation method when the modulation index and the load power factor is varied respectively. Note
that the dc-link current harmonics are evaluated as lpc.ingp.u), Which is the RMS value of the dc-link
current (Ioc.inrms) Normalized by the maximum value of the output current (1) of VSI.
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where, k is the harmonic order and ipc.ink IS the k-order component of the dc-link current harmonics. The
fundamental component of the dc-link current harmonics is 50 Hz at rated load. The harmonic
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Fig. 7. u-phase voltage reference, line voltage, dc-link current and u-phase output line current of VVSI at m = 0.705 and cos ¢ = 0.819.
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Fig. 8. Harmonic components on dc-link current of VSl at m = 0.705 and cos ¢ = 0.819 (under same conditions of Fig. 7).
The fundamental frequency is 30 Hz. By the employment of the proposed DPWM, the switching-frequency-order harmonic component is
reduced by 5.5%.



components of the dc-link current up to 20"-order of the switching frequency are considered in this
evaluation because the switching frequency harmonic components of the dc-link current with the
conventional and proposed DPWM above 20"-order are small and comparable as shown in Fig. 8. The
dc-link current harmonics are reduced over entire range of the modulation index and the load power
factor by applying the proposed DPWM. At the load power factor of 0.819, i.e. the high load power
factor, the value of Ipcinp.u,) is reduced by 18.4% at most by applying the proposed DPWM compared
to that of the conventional DPWM. It is also confirmed that as the load power factor becomes lower, the
dc-link current-harmonic-reduction effect of the proposed DPWM decreases because the applying
interval of the proposed DPWM is short as shown in Fig. 6. However, when the load power factor is
low, the dc-link current harmonics are also low. On the other words, the large dc-link current harmonics
in the case of the high load power factor which can be drastically reduced by applying the proposed
DPWM should be focused.

Fig. 10 shows the total harmonic distortion (THD) of the u-phase output line current at the load
power factor of 0.819. The harmonic components of the u-phase output line current up to 40th-order of
the fundamental frequency are considered in this evaluation. Although the proposed DPWM reduces the
dc-link current harmonics, it also worsens the output voltage harmonics as a trade-off as shown in Fig.
7. However, the worsened components by the proposed DPWM is the switching-frequency-order
harmonic components. This means that the impacts of the employment of the proposed DPWM on the
low-order harmonic components of the output line voltage and phase current is low. Therefore, the load
current qualities of the conventional and proposed DPWM are comparable.
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Fig. 9. Simulation and experimental results of dc-link current harmonics with each modulation method when modulation index and load
power factor are varied respectively.
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IVV. Conclusion

This paper proposed the novel DPWM to reduce the dc-link current harmonics of VS| over entire
load power factor range. This modulation method, which required only one carrier, contributed to the
long lifetime of the smoothing capacitor in the motor drive system. By realizing this modulation method
with only one carrier, high cost hardware such as FPGA was not necessary. The dc-link current
harmonics were reduced by adding an offset to the all voltage references of the conventional DPWM,
and shifting two unclamped voltage references in every half control period. These optimized the phase
of the clamped voltage reference and its clamped value for the reduction of the dc-link current harmonics
of VSI even when the load power factor varied.

The effectiveness of the proposed DPWM was confirmed by the simulation and experiment. These
results confirmed that the dc-link current harmonics were reduced by 18.4% at most at the load power
factor of 0.819 by applying the proposed DPWM. Moreover, it was also confirmed that the dc-link
current harmonics were reduced over entire range of the load power factor.
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