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This paper proposes a space vector pulse width modulation (SVPWM) that reduces current harmonics flowing through DC-link
capacitors of a three-level voltage source inverter in a three-phase motor drive system. The inverter input current harmonics are
minimized by optimizing the applied voltage space vectors to reduce the fluctuation of the inverter input current around its average
value. Furthermore, the proposed strategy can be used for a wide range of load power factors by changing the combination of
voltage space vectors according to output phase current conditions. It is experimentally shown that the proposed SVPWM reduces
the inverter input current harmonics by 27.4% at most, compared with that of the conventional SVPWM. Moreover, the analytical
and experimental results clarify that the proposed SVPWM reduces the inverter input current harmonics at any load power factor.
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1. Introduction

Neutral-point-clamped (NPC) three-level voltage source
inverters (3LVSIs) () have been applied to medium-voltage high-
power AC motor drive application such as traction drive system for
railway transportation due to their high-voltage high-power
capacity .

AC-electrified railway systems such as Shinkansen bullet train
system are generally composed of traction transformers, single-
phase NPC rectifier, three-phase NPC-3LVSI, and induction
motors ). In the DC-link part of this system, two filter capacitors
with the high-voltage capacity are implemented in series to
decouple the unbalance between the instantaneous input and output
power. Heretofore, oil-filled capacitors have been generally used as
filter capacitors; however, these oil-filled capacitors require a
periodic maintenance due to theirs low resistance for moisture and
heat shock. Consequently, the oil-filled capacitors have been
replaced by the film capacitors recently . Nevertheless, the film
capacitors may degrade or damage themselves with the self-heating
due to the capacitor ripple current ¥, The inverter input current
contains numerous high-order switching-frequency harmonics
because the current is a superposition summation of the switched
current pulses from each phase leg of 3LVSI ©)7), Therefore, it is
necessary to reduce NPC-3LVSI input current harmonics.

So far, the modulation method to reduce the leakage current of
3LVSIs for PV systems by reducing the neutral-point voltage ripple
has been proposed ®. This modulation method also reduces the
capacitor current ripple; however, the capacitor current ripple is not
to be suppressed to the minimum. In addition, this modulation
method is effective in reducing the capacitor current ripple only
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when the load power factor is around unity. Thus, it is not applicable
to the 3LVSIs in motor drive systems, of which the variation of the
load power factor is considerably wide.

In this paper, a novel space vector PWM (SVPWM) is proposed
to reduce the switching-frequency-order NPC-3LVSI input current
harmonics under any load power factor condition, i.e., both driving
and regenerative braking modes. The voltage vectors of 3LVSI are
optimally selected to minimize a fluctuation of the inverter input
current around its average value. Furthermore, the voltage vector
selection is based on the detected output phase current directions
for an adaptation to variations of the load power factor without a
load power factor detection. The analytical calculations ensure that
the employment of voltage vectors in this proposed SVPWM
reduce the inverter input current harmonics at any modulation
indices and load power factor. The original contribution of this
strategy is the reduction of the 3LVSI input current harmonics over
entire region of the load power factor, which is the crucial problem
with past works.

This paper is organized as follows; firstly, the configuration of
NPC-3LVSI are explained. Secondly, the analytical results on the
3LVSI input current are presented. Next, the reduction method of
the 3LVSI input current by changing the combinations of the
voltage space vectors are proposed. Finally, the modulator
performances on the input current harmonics, output current
harmonics, inverter efficiency, and common-mode voltage are
compared between the conventional and proposed SVPWM.

2. Three-level Inverter Input Current Harmonics

2.1 Configurations of Three-level Inverter Fig. 1
shows the configuration of NPC-3LVSI. The NPC inverter leads to
low switching losses since two series-connected devices splits the
arm blocking voltage. However, it has high conduction losses
because there are two devices in the current path regardless of the
output voltage level. Therefore, the NPC inverter becomes efficient
in the medium-voltage and high-frequency applications .
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Table 1 lists the relationships between the switching functions
and the phase voltage of the NPC inverter. The switching function
is defined as:

1 (S, :ON
i = ( K ) co(X=u~w j=1~4) 1)
0 (s,;:OFF)
where x is the output phase and j is the number of device defined in
Fig. 1. There are three switching states in each leg of the 3LVSI,
and the three-level phase voltages are available.

2.2 Conventional Three-level Space Vector PWM

Fig. 2 shows the output voltage space vectors of 3LVSI in the o
reference frame. These voltage space vectors are illustrated on the
basis of the Clarke transform of 3LVSI three-phase output voltages.
The switching functions of each phase results in three different
values; therefore, there are 33 = 27 switching states in the 3LVSIs.
On the other hand, there are nineteen voltage space vectors
(Vo—V1s) in total due to the switching state redundancy.

Fig. 3 shows the principle of the conventional three-level
SVPWM at sector 1. Each sector of the conventional three-level
SVPWM is regarded as the space vector diagram of the two-level
SVPWM. Therefore, the classic two-level SVPWM is applicable in
each sector of the three-level SVPWM with an inner voltage
reference vector V'in. The inner vector is obtained by decomposing
the voltage reference vector V* by the equivalent zero vector of the
two-level SVPWM in each sector (e.g., V7 in the sector I) as:

V|:1 =V -V :|V* —Veui

+i

where y is the phase angle of the inner voltage reference vector V'in
and i is the number of sector where the voltage reference vector V*
exists. The sector [ area is also divided into six sub-sectors 1-6 in
the same manner as the two-level SVPWM. Then, the three voltage
space vectors surrounding the sub sector where the inner vector
exists are selected. The inner voltage reference vector sampled in
each control period T is generated by synthesizing the three voltage
space vectors on the volt-second balance principle as (19;

« t t t
Vo =2V, +2V, +2V,
TS TS TS

T, =t +t, +t,

where t.—t. are the duty cycles of each selected voltage space vector,
and a—c represent the number of selected voltage space vectors,
defined in Fig. 2.
2.3 Instantaneous RMS value of 3LVSI Input Current
Fig. 4 shows the waveforms of the voltage references and the
output phase currents at unity load power factor. The output phase
currents of 3LVSI are expressed as:

i, =1, cos(27 ft—g)
i, =1,€08(27 ft =277/3= ) ccoovverrvvcicc )
i, = 1,,cos(27 ft+27/3- )

where I is the maximum value of the output phase current, fis the
fundamental frequency, and ¢ is the load power factor lagging angle,
respectively.

Fig. 5 shows the zoomed-in waveforms of the 3LVSI input
current when the conventional SVPWM is applied. The voltage
reference vector V* is sampled at sub-sector 1 in the sector I as
shown in Fig. 3. The instantaneous values of the P-side and N-side
input current of the both T-type and NPC 3LVSIs are the
superposition summation of the switched current pulses from each
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Fig. 1. Configuration of NPC-3LVSI.

Table 1. Switching states of NPC inverter.

Switching Vo [V] Switching functions (x = u, v, w)
X0

state Sy1 Sy2 Sy3 Sya
P(+) + E4l/2 1 0 1 0
0 0 0 0 1 1
NG | -Eal2 0 1 0 1
'
Sector " Sector
i B I
V.

VS V17 VG
-+ [0-+] [+-+
Sector e Sector
\Y/ VI

Fig. 2. Output voltage space vectors of 3LVSI in af reference
frame.

: Phase angle of V"
y: Phase angle of inner vector V;,"

Fig. 3. Conventional three-level SVPWM strategy at sector I.

phase leg and calculated as:
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iocinp = z (lexix )r

X=u,v,w
iDC‘in.N = Z (sz Xix)'
X=U,V,W
Although this paper focuses on NPC-3LVSI, note that the
relationships between 3LVSIs input currents and those switching
states are same for both T-type and NPC. Thus, the proposed
modulation strategy, explained from following section, is also
effective in reducing the capacitor current in the T-type 3LVSL
In order to analyze the optimized combination of the voltage
space vectors for the minimum RMS value of the 3LVSI input
current, the RMS value of the 3LVSI input current in the N cycle of
the carrier period, defined as the instantaneous RMS value (1, is
introduced.

A 1 (N, A
Ipc.in.RMs (Ts ) = \/FJ.NTS (Iéc,in,P + ||:2>c.in,N )dt
S

t /.
) \/kzb #(Iécinp.k + 2
=abc élg

Ioc.inn )

where # is the duty cycle of the selected voltage space vector,
ipc.in.pk and ipc.in.Nk are the instantaneous values of the P-side and
N-side input current when the selected voltage space vector Vi is
applied.

2.4 Average value of 3LVSI Input Current The average
value of the 3LVSI input current over the fundamental period is
calculated as:

. 1 2= t, .
Ipc.in.ave :EL ( Z %IDC.in.P,kjdg

k=a,b,c
3
= Zm- I, cose.

Note that the average value of the input current over the
fundamental period is not dependent on the choice of the voltage
space vectors, but the modulation index, load current, and load
power factor.

2.5 Instantaneous RMS value of DC-link Capacitor
Current The instantaneous RMS value of the current flowing
into the DC-link capacitors is derived by the difference between the
instantaneous RMS value of the 3LVSI input current (6) and the
average value over the fundamental period (7) as follows:

Ic.aws (Ts ) = \/i[2>c.in.RM5 (Ts ) - itz)c.in.ave ST T TR IR TO e (3)

Since only the instantaneous RMS value of the 3LVSI input
current is dependent on the choice of the voltage space vectors, the
instantaneous RMS value of the DC-link capacitor current is also
dependent these choices. Thus, the lifetime of the DC-link
capacitors, which is affected by the instantaneous RMS value of the
DC-link capacitor current (8), is extended by the selection of the
voltage space vectors that minimize the instantaneous RMS value
of 3LVSI input current (6).

Note that a small difference between the instantaneous values of
ipcinp and ipc.inn, and these average values of the 3LVSI input
current ipcinave results in a small instantaneous RMS value of
3LVSI input current 2, These fluctuations of ipc.in.p and ipc.in.v are
expressed as the shaded areas in Fig. 5. When the conventional
three-level SVPWM is applied, the equivalent zero vectors V7, of
which switching states are [+ 0 0] and [0 — ], are equally used
during each control period in the sector I. In particular, when the
equivalent zero vector V7 [0 ——] is applied, the instantaneous value
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- S T — \_//

-30°  30° 90° 150° 210° 270° 330°
2xft
Fig.4. Waveforms of voltage references and output phase current
at unity load power factor. Sector I-VI are determined by the phase
angle.
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Fig. 5. Zoomed-in waveforms of 3LVSI input current at m = 1.0,
2xft = 5°, and cos ¢ = 1.0 with conventional three-level SVPWM.
The voltage reference vector V* is located at sub-sector 1 in sector
I as shown in Fig. 3.

of the P-side input current ipc.inr becomes zero, which leads to the
large P-side input current ipcinp fluctuation around its average
value. Another equivalent zero vector V7 [+ 0 0] worsens the N-side
input current ioc.in.n fluctuation around its average value in the same
manner.

3. Reduction of 3LVSI Input Current Harmonics

31 Combinations of Voltage Space Vectors for
Minimum RMS value of 3LVSI Input Current Fig. 6 shows
an example of optimized combination of the voltage space vectors
to minimize the RMS value of the 3LVSI input current at high-
modulation indices, and when the phase currents i, is positive, and
iv and i are negative. The fluctuations of ipc.inp and ipc.in.v around
its average value expressed as the shaded area in Fig. 6(b) become
smaller with the selection of the voltage space vectors Ve, Vis, V13
than those of the conventional three-level SVPWM shown in Fig.
5, resulting in the minimization of the RMS value of the 3LVSI
input current. Note that there are errors between the average value
of 3LVSI input current over the fundamental period (ipc.in.ave) and
the average values over the control period. This is because the
average value of the 3LVSI input current over the control period
fluctuates at three-fold fundamental frequency due to the dc-bus
neutral point potential variation. In order to optimize the
combination of the voltage space vectors for the minimum RMS
value of the 3LVSI input current, first, the instantaneous values of
the 3LVSI input current with all possible voltage space vectors are
calculated off-line based on (5). Next, the three voltage space
vectors, which make the instantaneous values become close to the
average value of the 3LVSI, are selected. Note that the triangle
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formed by the tips of these selected three voltage space vectors must
contain the tip of the voltage reference vector. These off-line
calculations and selections result in the voltage vectors for the
minimum RMS value of the 3LVSI input current at unity load
power factor are Va, Vi3, Vi1, Vis, and Vs in the high-modulation
index region shown as the green area in Fig. 6(a). On the other hand,
the voltage vectors in the low-modulation index region shown as
the purple area in Fig. 6(a) at unity load power factor are V2, Vs, Vo,
Viz, and V6. In other words, there are some optimized
combinations of the voltage space vectors for the minimum RMS
value of the 3LVSI input current. In the proposed three-level
SVPWM, the final combination of the applied voltage space vectors
is selected from these optimized combinations for the minimum
RMS value of the 3LVSI input current, considering the 3LVSI
output current quality.

3.2 Load Current Quality Consideration In order to
evaluate the 3LVSI output current quality, the concept of a
harmonic flux ! is used as an evaluation function of the load
current quality characterized by the modulation method because
this concept does not require the calculation of the output voltage
harmonic spectrum, which is difficult to obtain for the proposed
SVPWM due to its complicated selection of the voltage space
vectors. If the switching frequency model of the load motor is
assumed as a pure inductance L, the harmonic load current vector
In is a proportional to the harmonic flux vector An (time integral of
the instantaneous voltage error vector) in the N carrier cycle, as:

(N+1)T, "
xhzuh:jms (Vi—V7)dt
where Vi (k = 0-18) is the applied voltage space vector.

Fig. 7 shows the harmonic flux trajectories of all vector patterns
to achieve the minimum RMS value of the 3LVSI input current at

(&) Viz-Vi-Ve. (f) Vo-Vi-Ve.

Fig. 7.

(a) Combination of voltage space vectors (Vé—Vis—Vi3).

A ipc.inp
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(b) Instantaneous waveform of 3LVSI input current.

Fig. 6. One example of optimized combination of voltage space
vectors (Ve—V1s—V13) for minimum RMS value of 3LVSI input
current at m = 1.0, 2zft = 5°, cos ¢ = 1.0, and when i, is positive, iy

and i, are negative.

(9) Vo-Vis-Vs.

(h) Ve-Vis-Ve.

(1) Viz-V1-Vss.

Harmonic flux trajectories of all vector patterns to achieve minimum RMS value of 3LVSI input current at m = 1.0, and

2xft = 5°. The trajectories are expressed as the red lines. The distance between the origin (o) and the trajectory is equal to the magnitude of
the harmonic flux, and continuously fluctuates. Figs. 7(b)—(i) are with the optimized combinations of the voltage space vectors for the
minimum RMS value of the 3LVSI input current in the high-modulation indices region. With the combinations of the voltage space vectors
shown in (g)—(i), the voltage reference vector is not to be generated under these conditions of the modulation index and the phase angle.
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the modulation index of 1.0, and the phase angle of 5°. Within the
carrier cycle the trajectories are drawn according to the selected
switching sequence. In Fig. 7(a) as an example, two triangles are
formed as the harmonic flux trajectory according to the selected
switching sequence (V7—V1-V13-V7-V7—V13-V1—V7). Since the
distance between the origin and the trajectory is equal to the
magnitude of the harmonic flux (%, Fig. 7 demonstrates that the
optimized vector combinations for the minimum RMS value of
3LVSI input current worsen the load current quality compared to
those with the conventional three-level SVPWM. The RMS value
of the harmonic flux over each control period is calculated as:

N+1)T,
T T 5 (10)

Fig. 8 shows the phase angle dependencies of the RMS value of
the harmonic flux over each control period (10) at the modulation
index of 1.0. Fig. 8 demonstrates that the optimized vector
combinations for the minimum RMS value of 3LVSI input current
worsen the values of Armsz with regard to any phase angle
compared to the conventional 3-level SVPWM. However, it is also
demonstrated that the optimized combinations of voltage space
vectors V2-V13-Vis, Ve—Vis-Vis, Vo-Viz—Vs, and Ve—Vig-V2
suppress the increase of the harmonic flux at the modulation index
of 1.0. For example, V2—V13-Vs combination leads to the smallest
increase of Arus(r) in the phase range of 18°-30° as observed in Fig.
8. Note that Arms(zx) value has both the phase angle dependency and
the modulation index dependency. So, the proposed 3-level
SVPWM vector patterns are determined by selecting the
combination to achieve the smallest value of Arms) from the
optimized vector combinations for the minimum RMS value of
3LVSI input current with respect to the phase angle and the
modulation index. Note that the selection for the final combination
of the applied voltage space vectors is also performed off-line and
any on-line calculations of (9) or (10) are not necessary.

Fig. 9 shows the proposed vector patterns to minimize the RMS
value of the 3LVSI input current when the phase currents iy is
positive, and iy and i\, are negative with the consideration of the load
current quality.

Fig. 10 shows the flowchart for determining the detailed area i-x
in Fig. 9 and applied voltage space vectors. First, the duty cycles
corresponding to the applied voltage space vectors, listed in Fig. 9,
are calculated. Next, those calculated duty cycles are verified
whether those are realistic values or not. If there is only one realistic
case, it is identified as the area where the voltage reference vector
V* locates. If not, the phase angle (y) of the inner voltage reference
vector determines the correct area. For example, duty cycles are
realistic values both in the parts of area ii and iii in Fig. 9. In this
case, area ii and iii are identified whether y exceeds 180° or not.
Note that this area identification process is just one example. In
practical use, the detailed area i-x is identified using look-up tables,
avoiding the heavy on-line computation load.

3.3 DC-bus Neutral Point Potential of 3LVSI The
neutral current flowing out or into the neutral point of the DC-link
causes the variation of the dc-bus neutral point potential. Its current
is related to the common-mode voltage of 3LVSI and calculated
from the switching functions and load currents as following.

= D (S5 X Sya X ) worerrninen (11

X=U,V,W

The variation of the dc-bus neutral point potential includes ():

0.07

(f) V2-V1-Vs
v

0.06

0.05 (e) V137V17VG (d) V13fV1*V2

(b) Vo-V13-Vig

0.04

Armscrs) [-]

2

0.03
0.02
0.01 (h) Ve-Vig-V,

S
(9) Vo-V1-Vs

(@) Conventional
3-level SVPWM

-30 -20 -10 0 10 20 30
2xft [deg.]
Fig. 8. Phase angle dependencies of RMS value of harmonic flux
over control period at m = 1.0.

Area Vectors

i Vg-Vio-Vi2
i Ve-Vi—Vs
il Vz*Vg*Vlz
iv Vo-Vg-Vg
\ Ve—Vi-V2
vi Vo-Vi13-Vg
vii VeVig-V,
viii | Ve=V1g-Vi3
ix | Vo-Viz-Vyg
X | Viz-Vi-Vyg

Fig. 9. Proposed vector patterns to minimize RMS value of
3LVSI input current when i, is positive and i» and iw are negative
with consideration of load current quality.

( Start >
v

Calculations for duty cycles (ta, th, tc)
corresponding to the applied voltage
space vectors in each areas (i-x)

[ 0<ttnto<Ts =i-x |

v

= T
~__—Only one case —_ NO

— amongy = i and x satisfies
YES ‘ Correct area is identified from phase

‘ Avrea is identified as y angle (y) of inner voltage reference
vector V'in

Selection for voltage space vectors
corresponding to area

v
C Finish )

Fig. 10. Flowchart for determining detailed area i-x and applied
voltage space vectors.

. the dc components due to the error of the common-mode
voltage of 3LVSI or the capacitance mismatch connected
in series,

. and the fluctuation at triplen frequency of the fundamental
waveform due to the common-mode voltage fluctuation.

Both of them cause an excessive high voltage across the
switching devices, load current distortion, and motor torque ripple;
thus, the dc-bus neutral point potential control is necessary. Note
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that these problems occur both in the conventional and proposed
SVPWM unless the switching state (0) with the phase voltage of
zero is not used. Generally, the duty cycle of redundant vectors, of
which have redundant switching states such as V7 [+ 0 0] and
[0 ——], is rearranged in order to reduce the variation of the dc-bus
neutral point potential 19. However, in the high-modulation index
region of the proposed SVPWM, no redundant vectors are selected;
thus, the dc-bus neutral point potential control is not achievable.
Note that the following two approaches have the potential to
achieve the neutral potential control in the high-modulation index
region of the proposed SVPWM:

. applying only large active vectors (e.g., Vi [+ — —],
Va[++-], Va[-+-], Va[-++], V5 [- = +], Vs [+ — +]
for proposed sector A), which do not depend on the dc-
bus neutral point potential, with the sacrificed load current
quality, or

. partially (e.g., one-sixth phase angle period of all
proposed sectors) applying the conventional SVPWM,
which uses the redundant vectors during every switching
period, with the sacrificed reduction effect on the input
current harmonics.

4. Adaptation to Wide Load Power Factor Range

The reduction of the RMS value of the 3LVSI input current
through the use of these optimized combinations of the voltage
space vectors is dependent on the load power factor because the
instantaneous values of the input current is dependent on not only
the switching patterns but also the output phase current. Therefore,
the adaption to the load power factor variation is important to
reduce the 3LVSI input current harmonics over wide load power
factor range, which is a typical requirement of the motor drive
system.

Table 2 lists the sector definitions of the proposed SVPWM.
These sectors A—F are determined by the combination of the
detected output phase current directions and used as the information
to recognize the load conditions.

Fig. 11 shows the layout of the proposed sectors in the «f
reference frame at the load power factor of 0.766 (40° lagging). The
proposed vector patterns shown in Fig. 9 reduces the RMS value of
the 3LVSI input current only when i, is positive and i, and i, are
negative, i.e., the sector A. These proposed sectors are rotated by
the phase shift angle ¢ according to the variation of the load power
factor. As a result, the proposed sectors A-F will lead by the load
power factor angle ¢ from the corresponding conventional sectors
[-VI. As shown by the mesh area in Fig. 11, a part of sector A is not
available with the optimized combinations of the voltage space
vectors for the sector A because the mesh area is not covered by the
proposed vector patterns. In these mesh areas, new combinations of
the space vectors are ineffective in reducing the RMS value of
3LVSI input current; hence, the conventional SVPWM is applied.

5. Analytical Evaluations

5.1 RMS value of DC-link Capacitor Current Since
the DC-side of the three-phase VSI operates at six-fold fundamental
frequency and the P-side and N-side operate symmetrically, the
RMS value of 3LVSI input current is calculated from the P-side
input current by considering only a third of the fundamental period
as:

Table 2. Sector definitions of proposed SVPWM.

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

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

Conventional

SVPWM
Proposed

I=VI: Conventional sector
vV e V| A-—F:Proposed sector

Fig. 11. Layout of proposed sectors in aff reference frame at load
power factor of 0.766 (40° lagging). The proposed sector A leads
by 40° from the conventional sector 1.

(iIZZJC.in.P‘k + iI?)C.in.N‘k )Jdg

3¢21 t
locinrms = \/;J.OSE(kavacf
3z t, /.

[l 3 o

The normalized DC-link capacitor RMS current is calculated
based on (7), (8), and (12) as:

3z [ . 2
IC.RMS(p.u.) = \/2103 (ka,b,c%(lDC'in'P'k _IDC.in.ave) ]d&, (13)

Fig. 12 shows the analytical results of the DC-link capacitor
RMS current with regard to the modulation index and the load
power factor angle. Fig. 12(a) demonstrates that Icrusp.u) Conv
becomes the maximum at around m = 0.6 and absolute value of the
load power factor |c0s ¢| = 1.0 with the conventional SVPWM. On
the other hand, Figs. 12(b) and (c) demonstrate that the proposed
SVPWM reduces Ic.rusp.u) under almost conditions of m and ¢
except for ¢ = 90°. In addition, a higher |cos ¢| leads to a greater
reduction effect on Icrmspu). This trend is resulted from the
relationship between ¢ and the application ratio of the optimized
combination of the voltage space vectors. When |c0S ¢| is lower than
0.866, the conventional SVPWM is partially applied in whole phase
range as observed in Fig. 11. The application ratio of the optimized
vector patterns decreases as |c0S ¢| becomes small, and there is no
Icruspu) difference between the conventional and proposed
SVPWM when cos ¢ = 0.

5.2 RMS value of Harmonic Flux Since the voltage
space vectors which are symmetric with regard to every 60° of
phase angle are applied in the modern PWM strategy for three-
phase system, the characteristics of A%zusz) have the six-fold
symmetry. So, the RMS value of the harmonic flux over

(12)
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Fig. 12.  Analytical results of DC-link capacitor RMS current.

fundamental period is calculated as:

3z
Aowis = /;Lf 1 (14)

The load current quality with respect to the modulation index is
evaluated without any load information by calculating the above
formula. In addition, relative comparison is possible by using Azas.

Fig. 13 shows the RMS values of the harmonic flux over
fundamental period in the linear modulation range. The distance
between the harmonic flux trajectories and the origin, which is the
initial value of A at the beginning of the carrier cycle, corresponds
to the magnitude of the harmonic flux (9. Thus, Fig. 13 confirms
that the proposed SVPWM worsens the harmonic flux compared
with those obtained with the conventional SVPWM. This is because
the proposed vector patterns result in the application of the voltage
space vector which is not the closest to V7, i.e., V¢ and Vi3 in
Fig. 6.

6. Simulation Results

Fig. 14 shows the PLECS simulation results with each
modulation method at the modulation index of 0.930 and the load
power factor of 0.866. The zoomed-in waveforms of the input
current demonstrate that the width of the step change in the input
current is reduced by the proposed SVPWM.

7. Experimental Results

The performances of the conventional and proposed SVPWM are
verified in experiment. In this experiment, 3LVSI, composed of
IGBT power modules (2MBI150U2A-060, Fuji Electric Co., Ltd.),
is operated at the switching frequency of 10 kHz. A test three-phase
induction motor (MVKS8115A-R, Fuji Electric Co., Ltd.), the rated
power of which is 3.7 kW, is controlled by V/f control with the
conventional and proposed SVPWM, which are implemented into
an evaluation board (TMS320C6713, Texas Instruments).

71 Input Current Harmonics Fig. 15 shows the
operating waveforms of 3LVSI with each modulation method at the
modulation index of 0.930 and the load power factor of 0.866. The
width of the envelope in the input current is reduced by the
proposed SVPWM. On the other hand, the transitions between +Eac
and —E4c occur at worst in the line-to-line voltage with the proposed
SVPWM due to the proposed selection of the voltage space vectors,
whereas the voltage transition range with the conventional SVPWM
is Eqc/2.

Fig. 16 shows the harmonic components of the input current
under the same conditions in Fig. 15. The 100% of the vertical axis

Load power factor angle ¢ [deg.]
(b) Proposed SVPWM.
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Fig. 13. Comparison of harmonic flux RMS value. In the

proposed SVPWM calculations, the load power factor is set to 1.

(a) Conventional SVPWM.
Fig. 14. Simulation results at m = 0.930 and cos ¢ = 0.866
(30° lagging); output line-to-line voltage, P-side input current, and
output phase current.

(b) Proposed SVPWM.

indicates the maximum value of the output phase current. The
proposed SVPWM reduces the switching frequency component by
16.6 points at most. Furthermore, the normalized input current
harmonics, estimated as follows, is reduced by 27.4%.

2
locin 1 1.
locinpuy = % =1 Z(E Ioc.in ] ---------------- (15)

m m =1

where Ipcinrus is the RMS value of the input current harmonics,
[ is the harmonic order, and ipc.n. is the [-order component of the
input current. The harmonic components of the input current up to
20"™-order of the switching frequency are considered in this
evaluation.
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Harmonic components of input current at m = 0.930 and cos ¢ = 0.866 (30° lagging) (under same conditions as in Fig. 15).
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(a) Conventional SVPWM.
Fig. 17. Analytical and experimental results of input current harmonics.

Fig. 17 shows the analytical and experimental results of the input
current harmonics at the load power factor from 0.259 to 0.866. The
proposed SVPWM reduces the input current harmonics under any
conditions of the modulation index and the load power factor.
Furthermore, these results confirm that the experimental results of
the input current harmonics match the analytical values well. A
higher load power factor enables a greater reduction effect on the
input current harmonics to be obtained.

7.2 Output Phase Current Harmonics Fig. 18 shows
the total harmonic distortion (THD) of the output u-phase current at
the load power factor of 0.866. The harmonic components up to
40%h-order of the fundamental frequency are considered in this
evaluation. The proposed SVPWM leads to the higher distortion of
the output phase current than those with the conventional SVPWM,
which is also observed from harmonic flux analysis in Fig. 13.

0.50
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Plots : Exp. results cos ¢ = 0.866
0.40 (p=30deg) g~
El
2 030 [l e
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Q (Eos ¢45% 70; c(os ¢75% 25?
- » eg eg
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0.0 0.2 0.4 0.6 0.8 1.0 12
Modulation index m [-]
(b) Proposed SVPWM.
7.3 Inverter Efficiency Fig. 19 shows the 3LVSI

efficiency, measured using Yokogawa WT 1800 power analyzer, at
the load power factor of 0.866. Fig. 19 demonstrates that the
proposed SVPWM improves the efficiency. The proposed SVPWM
may lead to the increased number of the voltage vector area
changing timing. However, the occurrence frequency of the voltage
vector area changing in the proposed SVPWM is much smaller than
the switching frequency. Figs. 5 and 6 demonstrate that the
proposed SVPWM leads to less number of switching transitions in
each switching period compare to the conventional SVPWM.
Therefore, the proposed SVPWM reduces the total number of
switching transitions over the fundamental period compared to the
conventional, leading to the small switching loss.

7.4 Common Mode Voltage The common-mode
voltage of the three-phase inverter (vi¢ in Fig. 1) is defined as the
potential of the star point of the motor load (» in Fig. 1) with respect
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Fig. 18. Output u-phase current THD comparison between

conventional and proposed SVPWM against different modulation
index at cos ¢ = 0.866.
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Fig. 19. 3LVSI efficiency comparison between conventional and
proposed SVPWM against different modulation index at
cos ¢ = 0.866.

to the motor-frame ground (g in Fig. 1). In practical, the potential
of the center of the dc-bus (o in Fig. 1) with respect to the ground
vog is small and slowly varies compared to vie. Therefore, the
common-mode voltage veom is defined as the potential difference
between 7 and o as 17);

_ Vuo +Vvo +Vwo
com ng no og no 3 '

................... (16)

The common-mode voltage with large magnitude might result in
high common-mode current (CMC, motor leakage current). This
may lead to the motor bearing failures, EMI noise and so on (!8-20),
Note that CMC (motor leakage current) flows to ground through the
parasitic capacitances between the motor wirings and frame ).

Fig. 20 shows the measured common-mode voltage with each
modulation method at the modulation index of 0.930 and the load
power factor of 0.866. Note that the star point of the several hundred
kQ resistances connected to 3LV SI three-phase outputs is probed to
observe veom as the imaginary star point of the motor load. Fig. 20
demonstrates that the peak to peak value of veom is increased with
the proposed SVPWM compared to the conventional SVPWM.
However, the dv/dt of veom is important for the electromagnetic
interference (EMI) @V, When the conventional SVPWM is applied,
the equivalent zero vector of the two-level SVPWM in each
conventional sector (e.g., V7 in the sector I) is always applied during
the switching period. The both switching states of the equivalent
zero vector (e.g., [+ 0 0] and [0 — —] as V7) leads to the veom step
change of Ea/2 over an entire period. On the other hand, the
proposed vector patterns to minimize the RMS value of 3LVSI

Conventional sector

"'E'VUV[ZOOV/diV.]"E"'"

 [5 ms/div.]

(b) Proposed SVPWM.

Fig. 20. Measured common-mode voltage at m = 0.930 and
cos ¢ =0.866 (30° lagging).
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Fig. 21. Harmonic components of common-mode voltage at

m =0.930 and cos ¢ = 0.866 (30° lagging) (under same conditions
as in Fig. 20). The fundamental frequency f'is 40 Hz. The switching
frequency fsw is 10 kHz.

input current do not contain the application of the equivalent zero
vectors, leading the smaller veom step change of Euc/3.

Fig. 21 shows the harmonic component of the common-mode
voltage under the same conditions in Fig. 20. Note that the
common-mode voltage is normalized by Es. By reducing the step
change in veom with the proposed SVPWM, the switching frequency
component of 10 kHz is reduced by 11.5 points, might be leading
to the smaller motor leakage current peak. On the other hand, the
proposed SVPWM worsens the 3"-order veom component by 7.14
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points compared to the conventional SVPWM. In the proposed
SVPWM, the positive switching state (+) is mainly applied in the
following proposed sectors (A, C, E), whereas the negative
switching state (—) is mainly applied in the following proposed
sectors (B, D, F). This asymmetric selection of the switching states
during the consecutive proposed sectors results in the larger veom
fluctuation at triple frequency of the fundamental waveform, which
is observed in Fig. 20(b). Furthermore, the high-frequency
component such as of 150 kHz is increased by 0.0897 points due to
the complicated voltage space vector selections in the proposed
SVPWM. Assuming that CMC component of 150 kHz is dominant
to design common-mode filter attenuation, the worsened veom
component of 150 kHz with the proposed SVPWM indicates that
the proposed SVPWM might lead to the bulkier common-mode
filter than those with the conventional SVPWM.

8. Conclusion

A novel SVPWM was proposed to reduce 3LVSI input current
harmonics over wide variation of the load power factor. This
proposed SVPWM contributed to the current stress reduction of the
smoothing capacitor and its lifetime extension. The input current
harmonics was reduced by optimizing the combinations of the
applied voltage space vectors to minimize the fluctuation of the
instantaneous input current value around its average value. In
addition, this strategy could adapt to the wide range of load power
factor by changing the combinations of the applied voltage space
vectors according to the directions of the output phase currents.

The experimental results confirmed that the proposed SVPWM
reduce the rms value of 3LVSI input current by 27.4%, while it
worsened 3LVSI output current THD. For the film capacitors in the
dc-bus of 3LVSI, the 27.4% input current harmonics reduction
might lead to 47.3% reduction of the capacitor loss and its heating.
Assuming that the electrolytic capacitors (NX series ??, Nichicon
Corp.) is applied in the dc-bus of 3LVSI, it might lead to 1.36 times
capacitor lifetime extension based on the estimated lifetime
equation (193 Furthermore, the proposed SVPWM reduced
3LVSI input current harmonics over entire range of the load power
factor, which is the typical requirement of the motor drive system.
On the other hand, the dc-bus neutral point potential control is not
achievable in the high-modulation index region of the proposed
SVPWM because no redundant vectors are used. However, by
sacrificing the load current quality or the reduction effect on the
input current harmonics, the dc-bus neutral point potential control
is achievable. In addition, the effect on EMI might be another
drawback of the proposed SVPWM and will be future task.
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