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Abstract—This paper proposes a novel space vector pulsewidth
modulation (SVPWM) strategy to reduce the switching-frequency-
order inverter input current harmonics for a two-level three-phase
voltage-source inverter operating over a wide range of the load
power factor. The fluctuation of the inverter input current around
its average value is minimized by optimization of the utilized volt-
age space vectors to reduce the inverter input current harmonics,
which extends the lifetime of the dc-link electrolytic capacitors.
Furthermore, the proposed strategy can be adapted to a motor
drive system, where a wide variation of the load power factor is de-
sired, by changing the optimized combinations of the voltage space
vectors according to the polarities of the output phase currents.
Experiments with the application of the novel SVPWM confirm
that the inverter input current harmonics is reduced by up to
29.5% compared to that with the conventional SVPWM strategy.
Moreover, the analytical and experimental results confirm that the
proposed SVPWM reduces the inverter input current harmonics
in both driving mode and regenerative braking mode, as well as
with any load power factor.

Index Terms—DC-link capacitor, inverter input current
harmonics, space vector pulsewidth modulation (SVPWM),
three-phase voltage-source inverter (VSI).

1. INTRODUCTION

HREE-PHASE ac motors are widely used in industrial and

household applications [1]-[3]. The lifetime extension of
the ac motor drive system has been an intense research topic for
several decades [4]-[6]. The ac motor is supplied with power
from a pulsewidth modulation (PWM) inverter. Capacitors in the
dc-link part of the PWM inverter which act as an energy buffer
stage to stabilize the dc-link voltage and guarantee an acceptable
dc-link voltage ripple are required to have a large capacitance.
Electrolytic capacitors are generally employed due to their supe-
rior capacitance per volume ratio compared to film capacitors or
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ceramic capacitors. However, the system becomes less reliable
due to the short-lifetime expectancy of electrolytic capacitors.
In particular, the lifetime of a dc-link capacitor is related to its
current, which is dependent on the switching-frequency-order
inverter input current harmonics [7]. The inverter input cur-
rent is known to be a superposition summation of the switched
current pulses from each phase leg of the three-phase PWM
voltage-source inverter (VSI), and, thus, contains many high-
order switching harmonics [8], [9]. In particular, internal heat-
ing of an electrolytic capacitor, which is caused by this inverter
input current harmonics flowing through an equivalent series
resistance (ESR) of the capacitors, constitutes a considerable
restriction of the long lifetime. Specifically, the vaporization of
the electrolyte is closely related to the capacitor temperature,
and the lifetime of the electrolytic capacitor is approximately
reduced by half if the capacitor core temperature increases by
10 °C, according to the Arrhenius equation [10]. Therefore, the
dc-link capacitor is a key component that determines the life-
time of the entire motor drive system, and the dc-link capacitor
lifetime is dependent on the inverter input current harmonics. It
is noted that using film capacitors as dc-link capacitors could
possibly resolve the lifetime problem; however, film capacitors
would make the motor drive system bulky due to its low energy
density.

In order to extend the lifetime of the dc-link capacitor, modu-
lation methods of the VSI which reduce the inverter input current
harmonics have been proposed [11]-[13]. In [11], the near-state
PWM (NSPWM) has been proposed to reduce the common-
mode voltage for a three-phase VSI. The NSPWM uses a group
of three neighbor voltage vectors to match the output and refer-
ence volt—seconds. As a result, not only the common-mode volt-
age but also the inverter input current harmonics can be reduced
when the load power factor is higher than 0.8. However, the
NSPWM can be applied only at high-modulation indices due to
the restrictions on the voltage vector use; therefore, the inverter
input current harmonics cannot be reduced at low-modulation
indices with the NSPWM. The proposed PWM method in [12]
is basically the same as this NSPWM and the effectiveness of
this PWM method on the inverter input current harmonics is
analytically and experimentally confirmed in detail. The ex-
tended double-carrier PWM (Ext-DCPWM) which can reduce
the inverter input current harmonics for all values of the modu-
lation index has been presented in [13]. The Ext-DCPWM uses
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the same three consecutive voltage vectors as in [11] and [12]
at high-modulation indices. In addition, the Ext-DCPWM uses
two nonadjacent voltage vectors and one zero vector to reduce
the inverter input current harmonics at low-modulation indices.
However, in the case of a low-load power factor, these mod-
ulation methods increase the inverter input current harmonics.
Therefore, a modulation method that reduces the inverter input
current harmonics over a wide load power factor range is nec-
essary to extend the lifetime of the dc-link capacitor in a motor
drive system of which the variation of the load power factor is
considerably wide.

This paper proposes a novel space vector PWM (SVPWM)
that reduces the switching-frequency-order inverter input cur-
rent harmonics under any load power factor condition, i.e., both
driving and regenerative braking modes. As a result of analytical
calculations, the employment of voltage vectors in this proposed
strategy to reduce the inverter input current harmonics at both
high-modulation and low-modulation indices, and provide the
same result as the Ext-DCPWM in [13] under a unity load power
factor. The analytical calculations also provide a way to indicate
the effectiveness of the load power factor on the inverter input
current harmonics. The optimized voltage vectors are selected
on the basis of the detected output phase current polarities to
adapt to variations of the load power factor without detecting
it. Therefore, the original contribution of this strategy is the re-
duction of the inverter input current harmonics over the entire
region of the load power factor, which is the crucial problem of
past works.

This paper is organized as follows: First, analytical results on
the inverter input current of the three-phase VSI are presented.
In particular, the relationship between the inverter input current
and the modulation strategy of the VSI is presented. Second, the
methods for reduction of the inverter input current harmonics
by optimization of the voltage space vectors introduced in [13]
are explained. The method used to adapt to the variations of the
load power factor is then presented. Analytical and experimental
results are presented to confirm the effectiveness in terms of the
reduction of the inverter input current harmonics, the impact
on the output phase current quality, inverter efficiency, and the
lifetime of the electrolytic capacitors.

II. INVERTER INPUT CURRENT HARMONICS ANALYSIS
A. Conventional SVPWM

Fig. 1 shows a three-phase VSI employed in the motor drive
system. The three-phase VSI consists of three half-bridge con-
verters. If the semiconductor switching devices are treated as
ideal switches, then the conduction status of any one half-bridge
converter can be represented by the following binary switching
functions:

1,  (Syp : ON, S,, : OFF)

(z = u, v, w).
0, (S, : OFF, S, : ON)

ey

Fig. 2 shows waveforms of the voltage references and the
output phase currents at unity load power factor. The output
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Fig. 3. Output voltage space vectors of VSIin o3 reference frame.

phase currents of the VSI at steady-state operating condition
can be expressed as

iy (t) = I, cos(wt — )

. . 2

i, (t) = I, cos|wt— 3~ 2)
2

iy (t) = I, cos (wt + ?ﬂ — <p>

where I,,, is the maximum value of the output phase current, w
is the fundamental angular frequency, and ¢ is the load power
factor angle, i.e., the phase shift between the phase current and
phase voltage, respectively.

Fig. 3 shows the output voltage space vectors of the VSI
in the af reference frame. These voltage space vectors can
be illustrated on the basis of the Clarke transform. The
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Fig. 4. Conventional SVPWM strategy.

switching functions of each phase can become only two dif-
ferent values; therefore, there are 2° = 8 output voltage space
vectors of the VSI expressed using the switching functions as
V (84(t), s5(t), sw(t)). Six of these (V1 — V) are the active
vectors and the others (Vo and V) are the zero vectors. The
voltage reference vector can also be derived from the voltage
reference values on the basis of the Clarke transform, and can
be expressed with the modulation index m and the phase angle
0

V' =m4Z0. 3)

In the SVPWM, the voltage reference vector sampled in each
control period T} is generated by synthesizing the three voltage
space vectors V,, Vy,, and V. upon the volt—second balance
principle as

t, ty t.
Vi=_—-V,+—=—V —V.
T,

Ts =1, + 1y + 1. (4)

where t, — t. are the ON-duty of each selected voltage space
vector and a—c represent the number of selected voltage space
vectors, as defined in Fig. 3.

Fig. 4 shows the conventional SVPWM strategy. The out-
put phase current harmonics are caused by the difference be-
tween the voltage space vector and the voltage reference vector
V. — V*. Therefore, in the conventional one-carrier PWM
strategies [14]-[20], three voltage space vectors which are the
closest to the voltage reference vector are used to minimize the
output phase current harmonics. In the example shown in Fig. 4,
the voltage reference vector is generated using two adjacent ac-
tive vectors V1 and V5 and the zero vectors Vg and V7 at each
control period when the voltage reference vector is located in
sector L.

B. Root-Mean-Square (RMS) Value of Inverter Input Current

Fig. 5 shows the instantaneous waveform of the inverter input
current at sector I when the conventional SVPWM is applied.
Note that the phase currents are assumed to be almost constant
during a control period. The instantaneous value of the inverter
input current is the superposition summation of the switched
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Fig. 5. Instantaneous waveform of inverter input current at sector I with
conventional SVPWM.

current pulses from each phase leg and can be calculated as

IDC.in (t) = Z (SJ: (t) X ia:(t))~ ©)

T=u,v,w

The dc side of the three-phase VSI operates at sixfold fun-
damental frequency so that the RMS value of the inverter input
current can be calculated by considering only a sixth of the
fundamental period as

. NN te
IDC.in.RMS = \/W/o (Zk_a’bm TSZDC'in"“(t)> de (6)

where ¢, is the ON duty of the selected voltage space vector and
ipc.in,k (t) is the instantaneous value of the inverter input current
when the selected voltage space vector is applied. As shown
in (6), the RMS value of the inverter input current changes
according to the choice of the voltage space vectors.

C. Average Value of Inverter Input Current

The inverter input current ipc. i, can be split into ways.

1) A current ipc.conys cOming from the converter-side, of

which the average value is constant.

2) A variable current i, flowing through the dc-link capac-

itors.

The average value of ipc.cony 1S the same as the dc-link average
current value because the dc current does not flow through the
dc-link capacitors. These average currents can be calculated as
follows:

) . 3 (% ty .
1D C.conv.ave —!DC.in.ave = — E 1DC.in,k (t) do
™ Jo T.

k=a,b,c *

3
:Zm-lm cos . 7
It can be concluded from (7) that the average value of the
current coming from the converter side is not dependent on the
choice of the voltage space vectors, but on the modulation index

and the load power factor. Thus, the average value of the current
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coming from the converter-side is always constant, regardless
of the choice of the voltage space vectors in the steady state.

D. RMS Value of DC-Link Capacitor Current

The RMS value of the dc-link capacitor current can be derived
by the geometrical difference between the RMS value of the
inverter input current (6) and the average value of the current
coming from the converter side (7) as follows:

- _ 72 _ 52
1C.RMS = \/’LDC.in.RMS DC.conv.ave (8)

As shown in (8), the RMS value of the dc-link capacitor
current, which affects the lifetime of the dc-link capacitors,
is also dependent on the choice of the voltage space vectors.
Therefore, the lifetime of the dc-link capacitors can be extended
by the selection of voltage space vectors that can minimize the
RMS value of the inverter input current.

E. Instantaneous RMS Value of Inverter Input Current

To minimize the RMS value of the inverter input current, the
optimized combination of the voltage space vectors is selected
based on the instantaneous RMS value of the inverter input
current over one control period, which is derived from (9) [21]

T
- ¢ 7 [ eaw

- \/Zk‘—a,b,c tTi (i%c.m,k(t)). )

Note that a smaller difference between the instantaneous value
ipc.in and the average value of the inverter input current ipc in.ave
results in a smaller RMS value of the inverter input current. The
RMS value of the inverter input current can, thus, be reduced
by minimizing the fluctuation of ipc j, around the average value
IDC.in.ave- The fluctuation of ipc i, is expressed as the shaded
areas in the instantaneous waveform of the inverter input current
in Fig. 5. In cases where the conventional SVPWM is applied,
two zero vectors Vo and V' are used at each control period.
When the zero vector is applied, the instantaneous value of the
inverter input current becomes zero, which leads to the large
inverter input current fluctuation around the average value.

IDC.in.RMS(T})

III. REDUCTION OF INVERTER INPUT CURRENT HARMONICS
A. At High-Modulation Indices

Fig. 6 shows the optimized combination of the voltage space
vectors to minimize the RMS value of the inverter input cur-
rent at high-modulation indices, and when the phase currents %,
and ¢, are positive, and i,, is negative. As shown in Fig. 6(a),
three consecutive active vectors (V1, Vo, and V3) are used
to generate the voltage reference vector, which results in the
omission of the zero vector [11]-[13], [22]. Note that the omis-
sion of the zero vector can be achieved only when the tip of
the voltage reference vector belongs to the triangle formed by
the tips of the three consecutive voltage space vectors shown
by the shaded area in Fig. 6(a), i.e., at high-modulation indices.
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Fig. 6. Optimized combination of voltage space vectors for minimum RMS
value of inverter input current when 4, and ¢, are positive and 7,, is negative
at high-modulation indices. (a) Combination of voltage space vectors.
(b) Instantaneous waveform of inverter input current.

The area that can be output using three consecutive voltage space
vectors is the same as that with the conventional SVPWM. Thus,
the optimized combinations of the voltage space vectors for
the minimum RMS value of the inverter input current allows the
same output voltage limitations as the conventional SVPWM
to be obtained. The instantaneous inverter input current does
not become zero during a control period, as shown in Fig. 6(b),
because the zero vectors are not applied. Furthermore, when the
phase currents ¢,, and ¢, are positive, and 7,, is negative, the fluc-
tuation of the inverter input current around the average value can
be minimized with this optimized combination of the voltage
space vectors (V1, Vo, and V3) at high-modulation indices,
which results in the minimum RMS value of the inverter input
current. Note that there is only one optimized combination of the
voltage space vectors and this optimized combination is depen-
dent on the modulation index, phase angle, and load currents. In
order to optimize the combination of the voltage space vectors
to obtain the minimum RMS value of the inverter input current,
at first, the instantaneous values of the inverter input current of
each combination of three voltage space vectors are calculated
as (5). Then, the combination, which makes the instantaneous
values of the inverter input current become the closest to the
average value of the inverter input current, is selected.

B. At Low-Modulation Indices

Fig. 7 shows an optimized combination of the voltage space
vectors to minimize the RMS value of the inverter input



NISHIZAWA et al.: CURRENT HARMONIC REDUCTION BASED ON SPACE VECTOR PWM FOR DC-LINK CAPACITORS

V5(010)

: 1
5 _|

v
~

iD(‘. in

S O S SN =1/ 2 S S
N P
. DC.in.ave i
Sie— e et ] e = E__-_r___-F

o l v !
Vii Vo & Vi 1 Vo [V
A T i

(b)

Fig. 7. Optimized combination of voltage space vectors for minimum RMS
value of inverter input current when ¢,, and 4, are positive and 7,, is negative
at low-modulation indices. (a) Combination of voltage space vectors.
(b) Instantaneous waveform of inverter input current.

current at low-modulation indices, and the region when the
phase currents 7, and %, are positive and 7,, is negative. As
shown in Fig. 7(a), one active vector (V1), one nonadjacent
active vector (V3), and one zero vector (V) are used to gener-
ate the voltage reference vector [13], [22]. When the tip of the
voltage reference vector belongs to the triangle formed by the
tips of these three voltage space vectors (V1, Vg, and Vy), i.e.,
at low-modulation indices, the use of the zero vector at each
control period is unavoidable. However, the effect of the zero
current on the fluctuation of the inverter input current around
the average value is low at low-modulation indices because the
difference between the zero current and the dc-link average cur-
rent is small. On the other hand, the maximum possible value
of the inverter input current —i,, in Fig. 7(b) causes the largest
difference between the instantaneous value of the inverter in-
put current and the average value and should, thus, be avoided.
Therefore, the voltage space vector Vo that results in the maxi-
mum instantaneous value of the inverter input current when 4,
and ¢, are positive and ,, is negative is avoided and V3 is al-
ternatively selected for the minimum RMS value of the inverter
input current at low-modulation indices.

The selection of switching states in the proposed SVPWM
switches from that shown in Figs. 6 and 7 by using the modula-
tion index and the phase angle of the voltage references. First,
due to that the loading condition is unknown, the loading condi-
tion is assumed to be high-modulation indices, i.e., the switching
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states shown in Fig. 6. Then, the ON-duties (¢, o, and t3) of
three consecutive active vectors, which are selected at high-
modulation indices, are calculated. Next, following conditional
expressions are calculated based on these ON-duties:

0 <ty,t,t3 < Ts. (10

If these conditional expressions are satisfied, three selected
consecutive active vectors are directly used as shown in Fig. 6,
i.e., the high-modulation indices. In contrast, if these condi-
tional expressions are not satisfied, it means that the voltage
reference vector cannot be generated by synthesizing three se-
lected consecutive active vectors. Therefore, the ON-duties of
two nonadjacent active vectors and one zero vector, which are
selected at low-modulation indices, are calculated and these
voltage space vectors are used as shown in Fig. 7.

In terms of the number of switching transitions, it can be
observed from Fig. 5 that the number of switching transitions
in the conventional SVPWM is 6 per control period. On the
other hand, Figs. 6 and 7 confirm that the number of switching
transitions in the proposed SVPWM is 4 per control period.
Therefore, the application of the proposed SVPWM leads to a
higher inverter efficiency than that of the conventional SVPWM
because one leg is clamped during each control period.

C. Modulation Waveform of the Proposed SVPWM

Fig. 8 shows the u-phase modulation waveforms and its har-
monic contents. It is obvious that the modulation waveform of
the proposed SVPWM has a larger triplen harmonics than those
of the conventional SVPWM because of the choice of switching
states shown in Figs. 6 and 7. These increased triplen harmonics
of the modulation waveform generate the larger baseband har-
monics, the first carrier sidebands, in the line-to-line voltage of
the PWM inverter [23].

D. Dead Time Error Compensation

Fig. 9 shows the dead time error voltage vector in the proposed
SVPWM at low-modulation indices, and the region when the
phase currents ¢,, and ¢, are positive and ¢,, is negative. In fact,
the ON-duties of each selected voltage space vectors contain
duty cycle errors due to the dead time ¢;. With this duty cycle
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Fig.9. Dead time error voltage vector in the proposed SVPWM when 7,, and
i, are positive and i,, is negative at low-modulation indices.

x ) and B-component (v’ )

errors, the a-component (v}, ..., 3 error

of the dead time error voltage vector V7, . can be calculated as
shown in Fig. 9 [24]. In the proposed SVPWM, the dead time
error voltage is compensated with feedforward compensation by
subtracting v}, ..., and v; ... from the a-component (v}, ) and
B-component (v};) of the voltage reference vector, respectively.
Note that the v(*‘mnor and v} .., are dependent only on the
dead time and the sectors (A—F) due to the fact that the current
polarities are unchanged during each sectors. Only 12 patterns
of the calculation for the dead time error voltage are necessary

in advance.

IV. ADAPTATION TO WIDE LOAD POWER FACTOR RANGE

It should be noted that the reduction effect on the RMS value
of the inverter input current through the use of these combina-
tions of the voltage space vectors is dependent on the load power
factor because the instantaneous value of the inverter input cur-
rent is dependent on the output phase currents. Therefore, it is
necessary to deal with the variation of the load power factor to
reduce the inverter input current harmonics over a wide power
factor range, which is a typical requirement of the motor drive
system.

Table I lists the sector definitions of the proposed SVPWM.
These sectors (A—F) are determined by the combination of the
output phase current polarities. With these sectors, the condi-
tions of the output phase currents can be recognized [22].

Fig. 10 shows the layout of the proposed sectors in the a3
reference frame at a unity load power factor. When i, and
1, are positive and %,, is negative, i.e., at sector B, the in-
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TABLE I
SECTOR DEFINITIONS OF THE PROPOSED SVPWM

Current polarity
Sector | (P: Positive, N: Negative)

iy i iy
A P N N
B P P N
C N P N
D N P P
E N N P
F P N P

1I
V;A A ﬂ Vz‘v opti;;;ﬁecen\;ector

-

Vs Vers _
I~ VI : Conventional sector
\Y A ~F : Proposed sector

Fig. 10. Layout of the proposed sectors in a3 reference frame at unity load
power factor (¢ = 0°).
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Fig. 11. Waveforms of output phase currents at load power factor of 0.643
(¢ = 50°), i.e., driving mode.

verter input current harmonics can be minimized with optimized
combinations of the voltage space vectors V1 — Vo — V3 or
V1 — V3 — Vg, asshown in Figs. 6 and 7, respectively. Fig. 10
shows that the entire region of sector B is available with these
optimized combinations of the voltage space vectors with a unity
load power factor. Thus, optimized combinations of the voltage
space vectors for reduction of the inverter input current harmon-
ics are applied over the entire phase angle region for the case
|| < 30°, i.e., with a high-load power factor.

Fig. 11 shows waveforms of the output phase currents at a load
power factor of 0.643 (¢ = 50°), i.e., driving mode. When the
load power factor is varied, the proposed sectors shift according
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Fig. 12. Layout of the proposed sectors in a3 reference frame at load power
factor of 0.643 (¢ = 50°).

to the phase shift of the output phase currents. As a result, the
polarity of 7, at the timing of the phase angle 6 differs compared
with that when the load power factor is unity, as shown in Fig. 2.
This leads to an increase of the inverter input current harmonics,
even with the same optimized combinations of the voltage space
vectors for a unity load power factor.

Fig. 12 shows the layout of the proposed sectors in the a3
reference frame at a load power factor of 0.643 (¢ = 50°), i.e.,
driving mode. According to the variation of the load power
factor, the proposed sectors are rotated by the phase shift angle
. As shown by the mesh area in Fig. 12, a part of sector B
is not available with the optimized combinations of the voltage
space vectors (V1 — Vy — V3 or Vi — V3 — V) for sector
B in the case of 30° < |p| < 90°, i.e., at a low-load power
factor in driving mode. In these areas, new combinations of the
voltage space vectors such as three consecutive voltage space
vectors or two nonadjacent voltage space vectors with one zero
vector, do not reduce the inverter input current harmonics but
rather increase it. Hence, the conventional SVPWM is applied in
these areas and the optimized combinations of the voltage space
vectors are applied in other areas, which results in a minimum
inverter input current harmonics, even when the load power
factor is varied.

Fig. 13 shows the waveforms of the output phase currents at
a load power factor of —1.0 (¢ = 180°), i.e., regenerative brak-
ing mode. When the load power factor is —1.0, the polarities
of all phase currents at the phase angle of 6 reverse; however,
the absolute values are the same as those when the load power
factor is unity, as shown in Fig. 2. This leads to the same reduc-
tion effect on the inverter input current harmonics, even with
the same optimized combinations of the voltage space vectors
for a unity load power factor. Thus, the inverter input current
harmonics can be minimized in regenerative braking mode as
well as in driving mode.

Fig. 14 shows the layout of the proposed sectors in the o3
reference frame at a load power factor of —1.0 (¢ = 180°), i.e.,
regenerative braking mode. Even though the proposed sectors
are rotated by 180° according to ¢, the reduction of the inverter
input current harmonics is possible. Note that the area of sector
B is no longer available with the optimized combinations of
the voltage space vectors (V1 — Va — Vi orV; — V3 — V)
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for sector B. Alternatively, the optimized combinations of the
voltage space vectors (V1 — Vo — Vg or V; — V3 — V) for
sector B are effective in terms of reducing the inverter input
current harmonics for sector E, which is an opposite side sector
of sector B in regenerative braking mode. Thus, the optimized
voltage space vectors in regenerative braking mode are opposite
to those in driving mode.

Table II lists the selected voltage space vectors to minimize
the inverter input current harmonics for each combination of the
conventional sector and the proposed sector. The combinations
of voltage space vectors in the white-colored cells represent the
optimized combinations of the voltage space vectors to min-
imize the inverter input current harmonics in driving mode.
On the other hand, the voltage space vectors in the light-gray-
colored cells represent the optimized combinations in terms of
reducing the inverter input current harmonics in a regenerative
braking mode. Furthermore, the combinations of the voltage
space vectors in conventional SVPWM are listed in the gray-
colored cells, i.e., the region where the inverter input current
harmonics cannot be reduced with the proposed combinations
of the voltage space vectors. Note that in the proposed SVPWM,
the load power factor is indirectly detected only by the polarities
of the output phase currents and the definition of the proposed
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TABLE II
SELECTED VOLTAGE SPACE VECTORS FOR MINIMUM INVERTER
INPUT CURRENT HARMONICS

Sector of proposed SVPWM
A B C D E F
V4-Vi-V2|V1-V,-V; Vo-Vi-Vid V§-V1-V2[|Vi-V,-V;3 Vo-Vi-Vi

or or or or
VeVo-Va ViVo Vs | Y1 VeV V| ViV vs| Ve
o pevevs Vl-Zrz-w Vz-Z;,-V,g Vo vy vy ViV Va[ Ve VsV
V. V. or or
7 V1-Vo-V3|V,-V5-Vy 7 V1-Vy-V;3|V,-V3-Vy
V3-V4-Vs V2-Vi-Vy[Vi-Vivs Vy-Vi-Vy

Sector of | I or V"'Y;'V" or or V”"‘I/}'V“' or
tional V3-Vo-Vs 7 [ Va-V5-V4|Vi-Vy-Vs 7 [V ViV,
conventiona
SVPWM V3-V4-V5[V4-Vs-Ve Vo-Va-Vir V3-V4-V5|V4-Vs-Vi Vo-Ve-Vi

or or or or
Vi-VoVs[VaVaVsl V7 Vivevs|vevevg| Vo
Vovavel Vo Ve-Vo| Ve Ve Vi[gr SmrIV e VeV Vi ViV,
\% or or or or

Vi (Vevve lVevevi| Y7 VvV Vevey,
VeVi-V V5-Ve-Vi|Ve-Vi-V. VsVeV
vi | Cor PVl T T T Ve ViV T
VeVo-Va| V7 VeV Vi Ve VaVa| V7 | Vev,y,

sectors. Therefore, the optimized combinations of voltage space
vectors to minimize the inverter input current harmonics under
any conditions of the load power factor can be simply employed.

V. ANALYTICAL EVALUATIONS

The proposed SVPWM was simulated to evaluate the reduc-
tion effect on the inverter input current harmonics and compared
with the conventional SVPWM. In this paper, the inverter input
current harmonics is evaluated as the ratio between the RMS
value of the inverter input current ipcjprms and the maximum
value of the output phase current I,

. 2
ipc.inkMs 1 I
IDC.in(p.u,) = T = I Zk:l <ﬂZDC.in.k>

1L

where k is the harmonic order and ipc . 1S the k-order compo-
nent of the inverter input current harmonics. The fundamental
component of the inverter input current harmonics is 50 Hz at
the rated load. The harmonic components of the inverter in-
put current up to the 20th order of the switching frequency are
considered in this evaluation.

Fig. 15 shows the analytical results of the inverter input cur-
rent harmonics at load power factor from 0.0 to 1.0, i.e., driving
mode. When the conventional SVPWM is applied, the maxi-
mum value of Ipc.inp.u) 15 0.450 p.u. at unity load power factor
and a modulation index of 0.6. On the other hand, when the op-
timized combinations of the voltage space vectors for reduction
of the inverter input current harmonics are applied, the value of
Ipc.in(p.u, at this point can be reduced by 36.7%. Furthermore, it
is confirmed that the inverter input current harmonics is reduced
under any conditions of the load power factor and modulation
index. A higher load power factor enables a greater reduction
effect on the inverter input current harmonics to be obtained.
This is because the applied ratio of the optimized combinations
of voltage space vectors becomes higher as the load power factor
becomes higher.
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Fig. 16 shows analytical results for the inverter input current
harmonics at load power factors from —1.0 to 0.0, i.e., regen-
erative braking mode. When the load power factor is negative,
i.e., regenerative braking mode, the average value of the inverter
input current is negative. However, if the modulation index and
the absolute values of the load power factor are equal, then the
inverter input current harmonics remains unchanged, irrespec-
tive of the polarity of the load power factor, due to the same
utilization of the voltage space vectors and same absolute value
of the output phase current. Thus, the characteristics of the in-
verter input current harmonics in regenerative braking mode, as
shown in Fig. 16, are similar to those in driving mode, as shown
in Fig. 15. Thus, the inverter input current harmonics is solely
dependent on the modulation index m and the absolute value of
the load power factor |cos ¢|.

VI. EXPERIMENTAL RESULTS

The effectiveness of the proposed SVPWM was verified ex-
perimentally. In the experiment, a three-phase induction motor
(MVKS8115A-R, Fuji Electric Co., Ltd.) with a rated power of
3.7 kW was used as the test motor. The test motor was driven by
VIf control with the conventional and proposed SVPWM, which
were implemented into an evaluation board (TMS320C6713,
Texas Instruments). The load power factor was varied by con-
trolling the torque reference of the load motor.

A. Input Current Harmonics

Fig. 17 shows the operating waveforms of the VSI with the
conventional and proposed SVPWM at a load power factor of
0.866 (¢ = 30°), i.e., driving mode with a high-load power fac-
tor and a modulation index of 0.705. When the load power
factor is high, the applied ratio of the proposed SVPWM is
also high. In particular, the proposed SVPWM is applied at
all times with a load power factor of 0.866 (¢ = 30°). The re-
sults in Fig. 17 confirm that the width of the step change in
the inverter input current is reduced by the application of the
proposed SVPWM. On the other hand, the output phase current
with the proposed SVPWM seems to be slightly distorted than
that with the conventional SVPWM. Furthermore, the transi-
tions between +FEy. to —Eq. occur in the line-to-line voltage
with the proposed SVPWM. This is because three voltage space
vectors, which are not the closest to the voltage reference vector,
are used to minimize the inverter input current harmonics in the
proposed SVPWM. Note that the averaged line-to-line voltages
are sinusoidal waveforms even though such transitions occur.
The transition between + Fq4. to — F4 in the line-to-line voltage
leads to the increase of the switching frequency harmonics in
the inverter output voltage, which might cause the motor insula-
tion breakdown due to the increase of the motor surge voltage.
The effect of the voltage harmonics on the output phase current
distortion is considered in Section VI-B.

Fig. 18 shows the harmonic components of the inverter input
current under the same conditions as in Fig. 17. The maximum
value of the vertical axis (100%) indicates the maximum value
of the output phase current. When the conventional SVPWM
is applied, the inverter input current includes high integer
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multiples of the switching frequency, the maximum value of
which is 24.4%. Application of the proposed SVPWM reduced
the switching frequency component by 7.47%. Furthermore,
the inverter input current harmonics Ipc inep.u) Was significantly
reduced by 0.299 p.u. when the proposed SVPWM was ap-
plied. On the other hand, there are higher low-order harmonics
of the inverter input current than those with the conventional
SVPWM. This is because the distortions of the output phase
current with the proposed SVPWM, which can be observed

from Fig. 17, also appear in the inverter input current due to
the fact that the inverter input current is the superposition sum-
mation of the switched current pulses from each phase leg,
expressed as (5). However, even though the application of the
proposed SVPWM worsened the low-order harmonics of the
inverter input current, the values of those are less than 1% of
the rated value. Therefore, the worse low-order harmonics of
the inverter input current with the proposed SVPWM are not

problem.
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Fig. 19 shows the operating waveforms of the VSI with the
conventional and proposed SVPWM at a load power factor of
0.707 (¢ = 45°), i.e., driving mode with a low-load power fac-
tor, and a modulation index of 0.705. When the load power is
low, both the conventional SVPWM and proposed SVPWM are
applied. In particular, the proposed SVPWM is applied within
only three-quarters of the entire phase angle region, whereas the
conventional SVPWM is applied in the other region at a load
power factor of 0.707 (¢ = 45°). Fig. 19 confirms that the step
change in the inverter input current is partially reduced when
the proposed SVPWM is applied.

Fig. 20 shows the harmonic components of the inverter input
current under the same conditions as in Fig. 19. When the con-
ventional SVPWM is applied under this low-load power factor
condition, the twice switching frequency component of the in-
verter input current harmonics becomes a maximum, the value
of which is 22.4%. This value is reduced by 10.6% when the
proposed SVPWM is applied. These results demonstrate that
the proposed SVPWM is effective in terms of reducing the in-
verter input current harmonics, even when the load power factor
is low.

Fig. 21 shows the measured inverter input current harmon-
ics in driving mode. The inverter input current harmonics

can be reduced under any load power factor and modulation
index conditions in driving mode. It is also confirmed that
as the load power factor becomes higher, the inverter input
current harmonics-reduction effect of the proposed SVPWM
increases.

Fig. 22 shows the operating waveforms of the VSI with the
conventional and proposed SVPWM at a load power factor of
—0.588 (p = 126°), i.e., regenerative braking mode and a mod-
ulation index of 0.481. Even in regenerative braking mode, the
proposed SVPWM is also effective in terms of reducing the
width of the step change in the inverter input current, which
results in a reduction of the inverter input current harmonics.

Fig. 23 shows the harmonic components of the inverter in-
put current under the same conditions as in Fig. 22. When the
conventional SVPWM is applied, the maximum value of the
switching frequency component of the inverter input current
harmonics is 25.8% and the inverter input current harmonics is
0.335 p.u. Fig. 23 confirms that the switching frequency com-
ponent can be reduced by 10.7% and the inverter input current
harmonics can be reduced by 0.293 p.u. by the application of
the proposed SVPWM, even in a regenerative braking mode.
The experimental results in Figs. 17-23 confirm that the pro-
posed SVPWM is effective in terms of reducing the inverter
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input current harmonics for a motor drive system, which has a
considerably wide variation of the load power factor.

B. Output Phase Current Harmonics

Fig. 24 shows the total harmonic distortion (THD) of the
u-phase output phase current at a load power factor of 0.866.

Harmonic components of not switching frequency components
but up to the 40th order of the fundamental frequency compo-
nents are considered in this evaluation. Note that the dead time
error voltage, which is compensated both in the conventional
and proposed SVPWM, is estimated from the duty cycle errors
due to the dead time in each sector, as shown in Fig. 9. It is
shown that the THD of the output phase current obtained with
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Fig. 24. Measured THD of output phase current 7,, at cos ¢ = 0.866.

the proposed SVPWM is slightly higher than that obtained with
the conventional SVPWM except for the low value of a modula-
tion index. The increase in THD of the output phase current with
the proposed SVPWM is caused by the large triplen harmon-
ics of the proposed modulation waveform as shown in Fig. 8
and the current detection error around zero-current-crossing
points. In the proposed SVPWM, the detection values of the
current polarities are required in order to determine the sectors
(A-F) according to Table I. Therefore, the current detection error
causes an incorrect selection of the voltage space vectors, and
increases the THD of the output phase current, especially around
the output phase current zero crossings. One of the drawbacks
of this strategy is the worse output phase current THD which
is influenced due to the current polarity detection, which might
cause an increase of the iron loss in the load motor.

Fig. 25 shows the simulation results of the harmonic compo-
nents of the output line-to-line voltage at a load power factor
of 0.866 and a modulation index of 0.705. In this simulation,
the dead time is not applied in order to neglect the influence
of the dead time-induced voltage error. The application of the
proposed SVPWM worsens the switching frequency harmonic
component from 6.85% of the rated voltage (188 V) to 24.3%.
Consequently, the increase in the switching frequency compo-
nent of the line-to-line voltage induces the increase in the same
frequency component of the output phase current from 0.360%
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Fig. 25. Simulation results of harmonic components of output line-to-
line voltage at cos ¢ = 0.866 and m = 0.705. (a) Conventional SVPWM.
(b) Proposed SVPWM. 100% of the vertical axis indicates the rated voltage
of the test motor (188 V). The fundamental frequency is set to 50 Hz, and the
switching frequency is set to 10 kHz, respectively.

of the rated current (18 A) to 1.28% with the consideration of
the switching frequency of 10 kHz, and 1.58-mH leakage in-
ductance per one phase of the test induction motor. Finally, the
measured THD of the output phase current with the proposed
SVPWM at a load power factor of 0.866 and a modulation index
of 0.705, the value of which is 3.39%, as shown in Fig. 24, in-
creases by only 0.234 points (=3.62%-3.39%) even though the
increase of the switching frequency component of the output
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phase current is considered. It can be concluded that the in-
crease in the switching frequency harmonics in the line-to-line
voltage with the proposed SVPWM has a small influence on the
distortion in the output phase current.

C. Inverter Efficiency

Fig. 26 shows the inverter efficiency between the conven-
tional SVPWM and the proposed SVPWM at the load power
factor of 0.866. The inverter efficiency was measured using
Yokogawa WT1800 power analyzer. The application of the pro-
posed SVPWM leads to a higher inverter efficiency compared
to that with the conventional SVPWM due to its less number of
switching transitions, which is reduced to two-thirds compared
with the conventional SVPWM.

VII. CAPACITOR LIFETIME COMPARISON

The expected lifetime (L,,) of the electrolytic capacitors is
calculated as the multiplication of the lifetime (L, ) at maximum
operating temperature of the capacitor at rated ripple current and
rated voltage, which is specified on datasheet, by three accel-
eration rates which are dependent on the ambient temperature
(Fr), the ripple current (F7), and the applied voltage (Fy-) [10].
In order to compare the lifetime expectancy of the electrolytic
capacitors, which is influenced by only the ripple current, the
following assumption is conducted.

1) The ambient temperature is constant at the maximum op-

erating temperature of the capacitor (Fr = 1).
2) The applied voltage (Fy.) is constant and below the rated
voltage (Fy = 1).

Therefore, the expected lifetime of the electrolytic capacitors

can be calculated as follows:

L, =L, x F; (12)

where the L, is 5000 h in case of aluminum electrolytic capaci-
tors (NX series, nichicon [25]), which is used as the smoothing
capacitor in the prototype.

Table II1 lists the frequency coefficient of the rated ripple cur-
rent flowing through aluminum electrolytic capacitors [25]. The
lifetime of the electrolytic capacitors decreases because of the
heat generated inside electrolyte due to power loss when ripple
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TABLE III
FREQUENCY COEFFICIENT OF RATED RIPPLE CURRENT FLOWING
THROUGH ALUMINUM ELECTROLYTIC CAPACITORS
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Fig.27. Harmonic components of inverter input current considering frequency
dependence of ESR of aluminum electrolytic capacitor at cos ¢ = 0.866 and
m = 0.705 (under same conditions as in Fig. 17). (a) Conventional SVPWM.
(b) Proposed SVPWM.

current flows through ESR of the electrolytic capacitors. Mean-
while, ESR of the electrolytic capacitors varies dependently on
the current frequency. It is possible to calculate the normalized
inverter input current harmonics (Ipc.in.freq(p.u.)) considering the
frequency dependence of the ESR of aluminum electrolytic ca-
pacitor by dividing the inverter input current harmonic compo-
nents by the frequency coefficient (K'y) as follows:

1 1 ipcins
IDCAin.freq(p.u‘) - L”\/Zk—l <\/§ : I(f) . (13)

Fig. 27 shows the harmonic components of the inverter input
current considering the frequency dependence of the ESR of
aluminum electrolytic capacitor at a load power factor of 0.866
and a modulation index of 0.705 (under the same conditions as in
Fig. 17). The application of the proposed SVPWM reduces the
inverter input current harmonics Ipc.in.freqp.u) bY 29.0% when
the frequency dependence of the ESR of aluminum electrolytic
capacitor is considered. Assuming that the motor is mostly op-
erated at the load power factor of 0.866 and the modulation
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index of 0.705, and the aluminum electrolytic capacitors in the
conventional SVPWM are designed at the worst case of the
rated ripple current (i.e., F7 as 1), the lifetime expectancy of
the electrolytic capacitor can be given by

Ly conv.svpwm = Lo x 1 =35000 h. (14)

On the other hand, the application of the proposed SVPWM
raises I to 1.41 due to a current harmonic reduction of 29.0%.
Therefore, the lifetime expectancy of the electrolytic capacitor
with the proposed SVPWM can be given by

Ln,prop.SVPWM = Lo x 1.41 =7 050 h. (15)

Note that the above lifetime calculation is just an example.
However, it can be concluded that the application of the proposed
SVPWM might extend the lifetime of the electrolytic capacitor
about 1.41 times longer at most than that of the conventional
SVPWM.

VIII. CONCLUSION

A novel SVPWM was proposed to reduce the inverter input
current harmonics of the three-phase VSI over a wide variation
of the load power factor. The inverter input current harmonics
was reduced by optimizing combinations of the voltage space
vectors to minimize the fluctuation of the inverter input current
around the average value. This novel strategy could adapt to a
wide range of load power factor by changing the optimized com-
binations of the voltage space vectors according to the polarities
of the output phase currents. It was, thus, unnecessary to detect
the load power factor. The experimental results confirmed that
the application of the proposed SVPWM reduced the RMS value
of the inverter input current by 29.0% at most with the consider-
ation for the frequency dependence of the ESR of an aluminum
electrolytic capacitor. The 29.0% reduction of the RMS value
of the inverter input current might lead to the 1.41 times life-
time extension of the electrolytic capacitors. Moreover, it was
confirmed that the inverter input current harmonics was reduced
over the entire range of the load power factor, i.e., in both driv-
ing mode and regenerative braking mode. Consequently, the
proposed SVPWM can be effectively used for the reduction of
the constant stress on the smoothing capacitor caused by the
inverter input current harmonics, which strongly accelerates the
entire lifetime of the motor drive system. On the other hand,
this strategy increases the load current THD compared with
that obtained using the conventional SVPWM. In addition, the
application of the proposed SVPWM worsened the switching
frequency harmonics of the inverter output line-to-line voltage.
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