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Abstract—Paralleling three phase three-level inverters is gaining
popularity in industrial applications. However, analytical mod-
els for the harmonics calculation of a three-level neutral point
clamped (NPC) inverter with popular space vector modulation
(SVM) are not found in the literature. Moreover, how interleaving
angle impacts the dc- and ac-side harmonics and electromagnetic
interference (EMI) harmonics in parallel interleaved three-level
inverters and how to optimize interleaving angle to reduce these
harmonics have not been discussed in the literature. Furthering
previous study, this article presents the modeling, analysis, and
reduction of harmonics in paralleled and interleaved three-level
NPC inverters with SVM. Analytical models for harmonic calcu-
lation are developed, and the dc-side harmonics characteristics of
an NPC inverter are identified. The impact of interleaving angle
on the ac-side voltage and dc-link current harmonics of parallel
interleaved three-level NPC inverters is comprehensively studied.
The impact of switching frequency and interleaving angle on EMI
harmonics is also illustrated. Optimal interleaving angle ranges
to reduce these harmonics are derived analytically. The developed
models and harmonic reduction analysis are verified experimen-
tally with two paralleled and interleaved three-level NPC inverters.

Index Terms—Electromagnetic interference (EMI), harmonics,
interleaving angle, paralleled converters, space vector modulation
(SVM), three-level inverters.
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I. INTRODUCTION

THREE-PHASE voltage-source converters are very popular
in medium- and high-power applications [2]. Compared

with two-level converters, three-level converters have reduced
voltage stress for devices, lower output current harmonics, and
reduced electromagnetic interference (EMI) noise [3], [4]. Par-
alleling three phase converters is gaining popularity as it allows
higher power rating or an increase in system reliability. In addi-
tion, by phase shifting the carriers of the paralleled converters,
i.e., interleaving, the switching frequency harmonics can be
reduced; as a result, the size and weight of passive components
such as the dc-link capacitors and EMI filters can be reduced.

Pulsewidth modulation (PWM) method generates undesired
harmonics. Identification of harmonics in a power converter is
important for passive components design and reduction. Al-
though time domain simulation can be used to investigate the
harmonics, an analytical approach is more time efficient, and
provides insightful views for understanding in most cases. An
analytical approach is also necessary for case studies when
several cases need to be investigated.

Harmonics generated by PWM can be determined using dou-
ble Fourier integral analysis. Extensive study has been conducted
on the harmonic analysis of two-level converters. The ac phase
output voltage harmonics of a two-level converter with both
carrier-based PWM and space vector-based PWM have been
calculated in [5]. The dc-link current harmonics of a two-level
inverter with sine-triangle modulation are calculated in [6] and
[7]. For paralleled and interleaved two-level inverters, the impact
of interleaving on harmonic voltages and currents on the ac side
and dc side is analyzed in [8]–[15].

Compared to two-level inverters, the scenarios involved in
three-level inverters are more complicated. The ac output voltage
harmonic analysis of cascaded two two-level inverters with
sinusoidal PWM (SPWM) is presented in [16]. The dead time in-
troduced harmonics in the output voltage of a three-level neutral
point clamped (NPC) inverter is analyzed in [17]. The ac-side
harmonics of a three-level rectifier with SPWM is illustrated in
[18]. All prior works on the harmonics analysis of three-level
converters are for carrier-based SPWM.

Space vector-based PWM are more flexible and popular in
three-level converters. Due to the existence of redundant space
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vectors in three-level inverters, multiple control objectives such
as balancing the neutral-point voltage, reducing EMI noise, and
reducing switching loss can be achieved by selecting different
redundant small vectors [19], [20]. Popular SVM schemes such
as nearest three space vector (NTSV) [21], common-mode re-
duction (CMR) [22], and common-mode elimination (CME)
[23] are developed. However, no literature is found on analytical
models for harmonics calculation of SVM-based three-level in-
verters. Also, for the dc-side harmonics of a three-level NPC in-
verter, although in previous work the dc-link neutral point poten-
tial third-order fundamental frequency variation has been identi-
fied by time-domain analysis [24]–[26], the dc-side current har-
monic frequency-domain characteristic has not been identified.

Moreover, how interleaving angle impacts the ac- and dc-side
harmonics of parallel interleaved three-level NPC inverters and
how to optimize interleaving angle to reduce these harmonics
have not been investigated in previous work. Although some
analysis on interleaved two-level inverters can be extended to
three-level inverters, the study of this article shows that unique
characteristics exist in interleaved three-level NPC inverters, and
the optimal interleaving angles to reduce dc-side harmonics are
quite different from the two-level inverter case.

In terms of EMI harmonics (which refers to harmonics in the
frequency range 150 kHz–30 MHz), the nonlinear relationship
between switching frequency and EMI filter corner frequency
is discussed in [27] and [28]. Asymmetric interleaving has been
applied to paralleled two-level inverters to reduce EMI noise
[29]. However, there is still a lack of a comprehensive model on
relationship between switching frequency, interleaving angle,
and EMI filter corner frequency in paralleled inverters. Further-
ing past study, this article provides analytical models to clearly
illustrate how switching frequency and interleaving angle impact
the EMI filter corner frequency.

This article presents the modeling, analysis, and reduction
of harmonics in paralleled and interleaved three-level NPC
inverters with SVM. The organization of this article is as
follows. Section II develops analytical models for harmonics
calculation of three-level NPC inverter. Section III investigates
the impact of interleaving angle on ac- and dc-side harmonics.
Section VI studies the impact of switching frequency and in-
terleaving angle on EMI harmonics. Section V conducts the
experimental verifications, and Section VI concludes this article.

II. ANALYTICAL MODEL FOR HARMONIC CALCULATION OF

THREE-LEVEL NPC INVERTER

A. Three-Level SVM

The popular three-level SVM—NTSV scheme—is shown in
Fig. 1. The vector dwell time calculation method is illustrated in
[19]. The NTSV scheme uses all the redundant switching states
of small vectors as shown in Fig. 1. Fig. 1 also shows the PWM
sequences of NTSV in all subsectors of sector I. NTSV will be
used as an example to develop analytical models and to conduct
harmonic analysis in this article.

Different from two-level SVM, the sector is determined by
both the reference angle and amplitude for three-level SVM. To
better illustrate the harmonic calculation of three-level SVM,

Fig. 1. Vectors of NTSV and the PWM sequences in sector I.

Fig. 2. Two subsector boundary angles in sector I: (a) region 2 and
(b) region 3.

here three regions are defined as (1) based on the modulation
index range

region 1 : M ≤ 1√
3
; region 2 :

1√
3
< M ≤ 2

3
;

region 3 :
2

3
< M ≤ 2√

3
. (1)

M is the modulation index which is defined as

M = Vphase/(Vdc/2) . (2)

The voltage reference will go through a full circle for a
fundamental period. When the reference is in region 1, it will
only go through subsector 1 of sector I. When the reference
is in region 2, it will go through sector I from subsector 1 to
subsector 3 and then back to subsector 1. When the reference
is in region 3, it will go through sector I from subsector 2 to
subsector 3 and then to subsector 4. The cases in other sectors
are the same. In both region 2 and region 3, the reference will
go through different subsectors. For calculation purpose, two
subsector boundary angles are defined as θ1 and θ2 as shown in
Fig. 2. When in region 2, the boundary angles are calculated as
(3). When in region 3, the boundary angles are calculated as (4)

θ1 = arcsin
1√
3M

− π

3
, θ2 =

2π

3
− arcsin

1√
3M

(3)

θ1 =
π

3
− arcsin

1√
3M

, θ2 = arcsin
1√
3M

. (4)
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Fig. 3. (a) Three-level PD PWM carrier waveform. (b) Unit cell contour plot.

B. Analytical Model for AC Voltage Harmonics

The spectrum of pulsewidth modulated phase leg voltage can
be expressed as (5) shown at the bottom of this page, [5]. Here, m
and n are the fundamental and carrier baseband integer indices,
respectively. The carrier and fundamental angular frequency are
represented by ωc and ω0, respectively.

For carrier-based PWM, Fig. 3(a) shows the three-level
phase disposition (PD) PWM carrier waveform, and the unit
cell contour plot is shown in Fig. 3(b) when the sinusoidal
reference is f(y) = Mcos y. Then, the harmonic coefficient
Cmn can be determined as (6) shown at the bottom of this
page.

SVM is functionally equivalent to carrier-based PWM. The
basic idea to derive the analytical solution for three-level SVM
is to redefine the integral limits in (6) by considering that the
reference is no longer purely sinusoidal but is now made up of
several segments across a full fundamental cycle.

For NTSV scheme shown in Fig. 1, in sector I subsector 2, the
equivalent reference is the average of the applied vector volt–
second, and is calculated as (7). Then, the inner integral limits
can be determined as (8). The integral limits in other subsectors
can be determined similarly.

For different regions, as the reference will go through different
subsectors, the equivalent reference and double Fourier integral
limits will be different. Table I summarizes the integral limits of
sector I, sector II, and sector III in region 3. The integral limits
for region 2 and region 1 are shown in the Appendix Tables VII
and VIII.

TABLE I
DOUBLE FOURIER INTEGRAL LIMITS OF NTSV IN REGION 3 (SECTORS I, II, II)

Dead time will impact the harmonics amplitude. As the dead
time td is small in the studied system (2% of the switching period
Tsw), its impact on harmonics is very small and can be neglected.
For applications where dead time is relatively large and needs to
be considered, the inner integral limits shown in Table I should
be modified by adding a term 2πtd/Tsw on the rising or falling
edge according to the polarity of output current. For simplicity,
dead-time effect is not shown in the models.

C. Analytical Model for DC-Link Current Harmonics of NPC

Fig. 4 depicts the switching pattern and the current paths of
the two dc-link capacitors of a three-level active NPC (ANPC)
inverter. The positive line current ip(t) of a three-level NPC

f (t)=
A00

2
+

∞∑
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[Aoncos (ny)+Bonsin (ny)]+
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m=1
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Fig. 4. (a) Switching pattern of a three-level ANPC. (b) Current path.

inverter is a combination of ac output currents and the upper-
most switch S1H . The ac output current can be considered as
sinusoidal if its total harmonic distortion is small. Hence, the
frequency-domain expression of switched current of phase A in
the dc side can be derived as (9) shown at the bottom of this page.
Here, s1H−a represents the switching function of the uppermost
switch S1H−a. I0 and Ø are the amplitude of the phase output
current and the phase angle, respectively.

The harmonic coefficient of switching function s1H−a is
expressed as Cmn−1a. According to the switching pattern,
the double Fourier integral limits of Cmn−1a are similar to
the derived phase output voltage model in Table I. The dif-
ference is that the function f(x, y) is equal to 1 instead of
Vdc/2 for the positive half-cycle, and f(x, y) is equal to
zero instead of −Vdc/2 for the negative half-cycle. Then,
Cmn−1a can be determined, which is asymmetric in a fun-
damental cycle. This causes the input current frequency-
domain characteristics to be quite different from two-level
inverter case.

Fig. 5. DC-side current spectrum of a two-level inverter with SVM when
PF = 1.

As Cmn−1a is determined, transforming (9) back to the time
domain, the Fourier series of switched current of phase A in the
dc side and harmonic coefficient Cmn−a are represented as (10)
shown at the bottom of this page. The contribution of phase B
and C switched currents to the dc-side current can be calculated
similarly. Then, the harmonic coefficientCmn of ip(t) is derived
by summing all three phases as (11) shown at the bottom of this
page. The harmonic spectrum of negative line current in(t) is
similar as ip(t) due to symmetry, and the neutral line current
ineu(t) harmonics can be calculated based on the relationship
shown in (12) shown at the bottom of this page.

Vref =

√
3

2
Mcos

(
y − π

6

)
(7)

xr = − π

(√
3

2
Mcos

(
y − π

6

))

xf = π

(√
3

2
Mcos

(
y − π

6

))
. (8)

To illustrate the difference of the dc-side current harmonics
between a three-level NPC inverter and a two-level inverter,
the dc-side current characteristics of the two-level inverter are
briefly discussed. The dc-side current spectrum of a two-level
inverter with SVM is calculated, and the main components are
shown in Fig. 5. The dc input current spectrum has the dc compo-
nent, odd order carrier harmonic components such as fc ± 3f0,
fc ± 9f0, and even order carrier harmonic components such as
2fc, 2fc ± 6f0. Since the first carrier harmonic does not exist,
the second carrier harmonic is the dominant component.

Then, based on the derived dc-side current harmonic model
for a three-level NPC inverter, the current spectrum is calculated,
and the main components are shown in Fig. 6. Fig. 6(a) shows

Idc−a (ω) = s1H−a (ω)⊗ I0a (ω) =
I0a
2

(
ej∅s1H−a (ω − ω0) + e−j∅s1H−a (ω − ω0)

)
(9)

Idc−a (t) =
A00−a

2
+

∞∑

n=1

[A0n−acos (ny) +B0n−a sin (ny)] +

∞∑

m=1

∞∑

n=−∞
[Amn−acos (mx+ ny) +Bmn−asin (mx+ ny)]

A00−a =
I0
2
(A01cos∅+B01sin∅) , Amn−a =

I0
2
[(Am,n−1−1a +Am,n+1−1a) cos∅+ (Bm,n−1−1a +Bm,n+1−1a) sin∅]

Bmn−a =
I0
2
[(Bm,n−1−1a +Bm,n+1−1a) cos∅− (Am,n−1−1a −Am,n+1−1a) sin∅] (10)

Idc (ω) = sa1 (ω)⊗ I0a (ω) + sb1 (ω)⊗ I0b (ω) + sc1 (ω)⊗ I0c (ω) , Cmn = Cmn−a

(
1 + 2cos

(
n
2π

3

))
(11)

idc − ic1 (t) = ip (t) , ic2 (t)− idc = in (t) , ineu (t) = iC1 (t)− iC2 (t) = −ip (t)− in (t) (12)
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Fig. 6. DC-side current spectrum of a three level NPC inverter with NTSV
when PF = 1. (a) Positive/negative line current. (b) Neutral line current.

the positive/negative line current spectrum, and Fig. 6(b) shows
the neutral line current spectrum.

Unlike the spectrum of the two-level inverter, the posi-
tive/negative line current has the dc component, third-order
harmonics, and mfc ± 3nf0 carrier harmonics for both odd
order and even order carrier harmonics. The neutral line current
does not have a dc component, but it has the third harmonics, odd
order carrier harmonic components such as fc, fc ± 6f0, and
even order carrier harmonics components such as 2fc ± 3f0,
2fc ± 9f0. The third harmonic and all the carrier harmonics
have doubled amplitude compared to the positive/negative line
current harmonics. For both the positive/negative line current
and neutral line current, the first carrier harmonic is the dominant
component.

The difference of dc-side current harmonic characteristics
between a two-level inverter and a three-level NPC inverter is
caused by the NPC structure. The existence of the neutral line
actually decouples the positive line and negative line current.
Thus, more sideband harmonics exist in the NPC inverter.

III. IMPACT OF INTERLEAVING ON AC- AND DC-SIDE

HARMONICS

The impact of interleaving angle on ac-side voltage and dc-
side current harmonics of parallel interleaved three-level NPC
inverters is studied in this section. For two interleaved inverters,
if the interleaving angle of inverter 2 is γ with respect to inverter
1, the harmonic amplitude of two interleaved inverters output can
be determined as (13). From (13), it is obvious that interleaving
can reduce the amplitude of the output harmonics

Cmn,avg =
1

2

∣∣(Cmn,1 + Cmn,2e
imγ)

∣∣ = Cmn

∣∣∣cos
(mγ

2

)∣∣∣ .
(13)

A. Impact of Interleaving Angle on AC-Side Voltage Weighted
Total Harmonic Distortion (WTHD)

The WTHD is a commonly used figure of merit to size the
power filter requirements in the ac output side [5] and is used for
interleaving angle optimization. With the developed models in
Section II and (13), the ac-side line voltage harmonics WTHD
is calculated as a function of modulation index and interleaving
angle. The results are shown in Fig. 7. From Fig. 7, interleaving

Fig. 7. AC-side line-to-line voltage WTHD versus interleaving angle (f0 =
400 Hz, fc = 20 kHz).

angle range around 90◦ is optimal to minimize WTHD for
different modulation indexes. As the dominant high frequency
components in the line voltage are the second carrier harmonic
sidebands2fc ± f0,90◦ interleaving angle eliminates the second
carrier harmonic and sideband and thus significantly reduces
WTHD.

B. Impact of Interleaving Angle on DC-Link Capacitor RMS
Current

Based on the spectrum analysis in Section II, the dc-side
current of a three-level NPC inverter has both low frequency and
high frequency components. The low frequency components can
be controlled if there are front-end converters, or closed-loop
control, and is not impacted by interleaving angle. The high
frequency components are the result of PWM switching and
must be handled by dc-link capacitors. DC-link capacitors are
usually a weak point in the system and determine system relia-
bility due to the thermal issues related to ripple current flowing
through the capacitors. The capacitor high frequency ripple
current rms value is used as the figure of merit for interleaving
angle optimization. From Fig. 4(b) and the relationship shown
in (12), the high frequency harmonics in the positive/negative
line will flow through the dc-link capacitor.

With the developed models in Section II and (13), the normal-
ized dc-link capacitor high frequency ripple current rms value is
calculated as a function of modulation index, interleaving angle,
and power factor. The results are shown in Fig. 8. The optimal
interleaving angle range for dc-link capacitor ripple current rms
value is highly dependent on power factor and modulation index.
The results show different trends compared to the interleaved
two-level inverters analyzed in [8].

When the modulation index is high and power factor is high,
the minimum dc-link capacitor ripple current rms value can be
achieved when the interleaving angle range is around 180◦. This
can be expected as the first carrier harmonic exists and is the
dominant high frequency component in the dc-link capacitor
current, and 180◦ interleaving angle will totally eliminate the
first carrier harmonic and its sidebands.

When the modulation index is high and power factor is low,
the minimum dc-link capacitor ripple current rms value can be
achieved when the interleaving angle range is around 90◦. This



4416 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 4, APRIL 2020

Fig. 8. DC-side dc-link capacitor ripple current rms value versus interleaving
angle (f0 = 400 Hz, fc = 20 kHz). (a) PF = 1. (b) PF = 0.

is because the second carrier harmonic sidebands become the
dominant high frequency component, and 90◦ interleaving angle
will eliminate the second carrier harmonic and its sidebands.

When the modulation index is low (in region 1), the dc-link
capacitor ripple current rms value shows a complicated variation
trend when the interleaving angle varies. This is because both
the first and second and high-order carrier harmonic sidebands
are dominant in this case.

IV. IMPACT OF SWITCHING FREQUENCY AND INTERLEAVING

ON EMI HARMONICS

EMI filters are required in power converters to suppress the
EMI harmonics and thus pass EMI standards. The size and
weight of an EMI filter can be indicated by EMI filter corner
frequency. A higher EMI filter corner frequency usually indi-
cates a smaller filter. The impact of switching frequency and
interleaving angle on EMI filter corner frequency is analytically
derived in this section.

A. Relationship Between Switching Frequency and
EMI Filter Corner Frequency

As the harmonics of ac-side voltage is calculated above, the
EMI noise source for CM and differential-mode (DM) voltages

Fig. 9. (a) LISN used in DO-160 standards. (b) CM equivalent circuit.

can be determined as

VCM=
VA + VB + VC

3

=
1

3

∞∑

m=1

∞∑

n=−∞
Cmncos (mx+ ny)

(
1+2cos

(
n
2π

3

))

(14)

VDM−A=VA − VCM. (15)

EMI filter design methodology is illustrated in [30]. EMI filter
corner frequency is determined by a certain EMI noise peak.
The inverter-fed motor drive system in aircraft application is
investigated. For CM noise, the motor CM impedance can be
simply modeled as a capacitor [32]. EMI noise currents need to
meet DO-160 standards. The LISN schematic defined in DO-
160 standards [31] is shown in Fig. 9(a). The CM equivalent
circuit for the CM noise propagation path is derived as shown
in Fig. 9(b).

As the EMI noise source and noise propagation path
impedance are determined, and EMI standards are given, the
required CM noise attenuation can be determined as

IRA(findex)
= 20log10

(
VCM(findex) × 106

ZCM(findex)

)

− Istd(findex) + Margin (16)

where IRA(findex)
, Istd(findex), VCM(findex), and ZCM(findex) are

the noise current required attenuation, EMI standards defined
noise current limit level, CM noise voltage, and CM noise propa-
gation path impedance at a certain frequencyfindex, respectively.

After the required noise attenuation is calculated and the
EMI filter type is selected, the noise peak frequency fpk that
determines the EMI filter corner frequency can be identified with
the flowchart shown in Fig. 10. Then, CM filter corner frequency
can be calculated as (18). Here, the filter type is indicated by k
(k = 2 and k = 4 represent single and two stage LC filters,
respectively).

Then, the CM filter corner frequency fc as a function of
switching frequency fs can be calculated. Fig. 11 shows a case
study calculation results (Cmotor = 1nF) when one stage LC
filter and two stage LC filter are assumed. The DM filter corner
frequency calculation is similar and is not repeated here.

Resonance may exist in the CM noise propagation path
impedance if there is not enough damping. If the resonance
frequency is close to the switching frequency or its multiples,
it may become the noise peak frequency and largely impact the
CM filter corner frequency. However, as discussed in [33] and
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Fig. 10. Flowchart to determine the noise peak frequency.

Fig. 11. Calculated corner frequency versus switching frequency. (a) Single-
stage LC filter and (b) two-stage LC filter.

[34], for a high density EMI filter design, it is better to damp the
impedance resonance first and then design the EMI filter.

IRA(findex)
≥k (20log10 (findex)−20log10 (fpk))+IRA (fpk)

(17)

log10 (fc)=log10 (fpk)+

Istd(fpk)−20log10

(
V
CM(fpk)

106

Z
CM(fpk)

)

20k
.

(18)

From Fig. 11, several findings are observed. When 20 kHz <
fs < 150 kHz, fc and fs have a nonlinear relationship; some
preferred fs exists such as 140 kHz. When 150 kHz < fs <

Fig. 12. Design results of ac-side CM filter corner frequency versus switching
frequency. (a) Single-stage LC filter and (b) two-stage LC filter applied.

2 MHz, if a single-stage LC filter is applied, fc has slight change
as fs increases. If two or multiple stage LC filters are applied, fc
increases fast as fs increases. The findings provide a guideline
for switching frequency and EMI filter type selection.

The nonlinear relationship between fc and fs in the
20–150 kHz range can be understood because the noise peak
frequency and CM voltage amplitude are not linearly changed
when switching frequency increases. The different trends of
filter corner frequency between a single-stage LC filter and
a multiple-stage filter when switching frequency is in the
150 kHz–2 MHz range can also be explained. As switching
frequency increases, the LC filter impedance increases, and the
DO-160 EMI standard limit decreases at a slow rate of around
30 dB/dec. For single-stage LC filter, the benefit gained from
the increase of LC filter impedance is almost cancelled out by
the decrease of the EMI standards limit. As a result, fc has
slight change as fs increases. For multiple stage LC filters, LC
filter impedance increases much faster as switching frequency
increases and outweighs the decrease of EMI standard limit.
Thus, fc increases fast as fs increases.

MATLAB/Simulink simulations were conducted to get CM
filter corner frequencies for different switching frequencies as
shown in Fig. 12. The trends of how the CM filter corner
frequency varies with switching frequency match the model
results and conclusions above.

B. Impact of Interleaving on EMI Filter Corner Frequency

According to (13), when symmetric interleaving (γ = π) is
applied to two interleaved inverters

Cmn,avg=Cmn

∣∣∣cos
(mπ

2

)∣∣∣=
{
Cmn, m is an even number

0, m is an odd number.

(19)
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When asymmetric interleaving (γ �= π) is applied to two
interleaved inverters

Cmn,avg = Cmn

∣∣∣cos
(mr

2

)∣∣∣ ≤ Cmn. (20)

Hence, symmetric interleaving will eliminate the odd number
carrier harmonics while keeping the even number carrier har-
monics amplitude unchanged. Asymmetric interleaving could
reduce the amplitude of all the harmonic components. When the
objective is EMI noise and EMI filter reduction which is deter-
mined by certain EMI harmonic peaks, asymmetric interleaving
could be more effective.

The CM and DM voltage harmonics calculation, noise propa-
gation path impedance calculation, and the noise peak frequency
fpk identification are illustrated in Section IV-A. Then, the
relationship between interleaving angle and CM filter corner
frequency is calculated as (21). The relationship between in-
terleaving angle and ac-side DM filter corner frequency can be
calculated similarly

log10 (fc)

=log10 (fpk)+

Istd(fpk) − 20log10

(
V
CM(fpk)

cos(mγ
2 )106

Z
CM(fpk)

)

20 · k .

(21)

From (21), EMI filter corner frequency is a function of switch-
ing frequency, modulation index, interleaving angle, EMI filter
type, and EMI noise propagation path impedance. Interleaving
angle can be optimized to increase EMI filter corner frequency.

Whether the switching frequency is located in the EMI fre-
quency range or not will influence the trend how EMI filter
corner frequency varies as interleaving angle changes. Hence,
two case studies are conducted.

The first case is that switching frequency is fs = 70 kHz(<
150 kHz). The CM and DM filter corner frequencies are calcu-
lated as a function of modulation index and interleaving angle.
One stage filter is assumed (k = 2). The results are shown in
Fig. 13.

From Fig. 13(a), the CM filter corner frequency peak is
achieved when interleaving angle is around 180°, and the second
optimal interleaving angle range is 30°–90°. From Fig. 13(b), the
DM filter corner frequency peak is obtained when interleaving
angle is around 30°–60°, and the second optimal interleaving
angle range is around 120°–180°.

In this case, the first and second carrier harmonics are not
in the EMI frequency range. Hence, the third to sixth carrier
harmonics are the potential candidates which may determine
EMI filter corner frequency. For CM voltage harmonics, the third
and fifth harmonics are dominant, and 30°–60° and 150°–180°
interleaving angle ranges are preferred for harmonics reduction
according to Fig. 14. For DM voltage harmonics, the fourth
and sixth harmonics are dominant, and 30°–60° and 90°–120°
interleaving angle ranges are preferred for harmonics reduction.

The second case is that switching frequency is fs =
200 kHz(>150 kHz). In this case, the first and second carrier
harmonics are in the EMI frequency range. The analysis is simi-
lar. The CM and DM filter corner frequencies are also calculated,

Fig. 13. EMI filter corner frequency versus interleaving angle (fs = 70 kHz).
(a) CM filter. (b) DM filter.

Fig. 14. Third, fourth, fifth, and sixth carrier harmonics gain versus interleav-
ing angle.

Fig. 15. Circuit schematic of two paralleled three-level ANPC inverters.

and the results show that the CM filter corner frequency peak is
achieved when interleaving angle is around 180° while the DM
filter corner frequency peak is achieved when interleaving angle
is in the 90°–150° range.

V. EXPERIMENTAL RESULTS

Two three-level NPC inverters are constructed to verify the
developed models and harmonic reduction analysis. Fig. 15
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Fig. 16. Experimental platform of the paralleled three-level NPC inverters.

Fig. 17. AC-side output voltage and current.

Fig. 18. Spectrum of ac-side phase output voltage. (a) Tested results.
(b) Calculation results with developed models.

TABLE II
COMPARISON OF MAIN COMPONENTS OF AC PHASE OUTPUT VOLTAGE

shows the circuit schematic, and Fig. 16 shows the experimen-
tal platform. The dc voltage is 200 V, ac output fundamental
frequency is 400 Hz, and carrier frequency is 60 kHz. RL load
(R = 20 Ω, L = 320 μH for each phase) is used.

A. Analytical Model Verification

Fig. 17 shows the ac-side output voltages and current with
modulation index M = 0.9. Fig. 18(a) and (b) shows the tested
phase output voltage spectrum and the calculated spectrum
with the developed model, respectively. Table II summarizes
the main components value comparison between tested results

Fig. 19. DC-side input currents. (a) From top to bottom: output phase current
ia, input positive line current ip, input neutral line current ineu, input negative
line current in. (b) Zoom-in figure of (a) showing switching cycle waveforms.

Fig. 20. Spectrum of dc-side positive line current. (a) Tested results.
(b) Calculation results with developed models.

and calculated results. The calculated harmonics frequency and
amplitude match well with tested results.

Fig. 19 shows the dc-side input currents waveforms including
positive line current ip, neutral line current ineu, and negative line
current in. The definition of the currents is the same as shown in
Fig. 4(b). Fig. 20(a) and (b) shows the tested positive line current
spectrum and the calculated spectrum with the developed model,
respectively. Fig. 21(a) and (b) shows the tested neutral line
current spectrum and calculated spectrum with the developed
model, respectively. The negative line current spectrum is the
same as the positive line current.

Table III summarizes the main components comparison be-
tween tested results and calculated results. The calculated har-
monics frequency and amplitude match well with tested results,
and verifies the aforementioned dc-side current harmonic char-
acteristics analysis.
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Fig. 21. Spectrum of dc-side neutral line current. (a) Tested results.
(b) Calculation results with developed models.

TABLE III
COMPARISON OF MAIN COMPONENTS OF DC-SIDE LINE CURRENT

Fig. 22. Spectrum of the line voltageVab at M= 0.9. (a) 0° interleaving angle.
(b) 90° interleaving angle.

TABLE IV
LINE VOLTAGE WTHD0 AT VARIOUS MODULATION INDEXES AND

INTERLEAVING ANGLES

B. Impact of Interleaving on AC and DC Harmonics

The line voltage of paralleled inverters is measured with
different modulation indexes and different interleaving angles.
Fig. 22 shows the spectrum of measured line voltage harmonics
with 0° and 90° interleaving angles, all at the condition M = 0.9.
Table IV summarizes the WTHD0 of tested ac line voltage at
different modulation indexes and interleaving angles. Minimum
WTHD0 is achieved when interleaving angle is around 90°.

The dc-side currents are measured with different modulation
indexes, different interleaving angles, and different power fac-
tors. Fig. 23 shows the dc-side input current waveforms with 0°
and 180° interleaving angle, all at the condition M = 0.9. With
the RL load (R = 20 Ω, L = 320 μH for each phase), the power
factor is nearly PF = 1. In Fig. 23, ringing can be observed in
the switching cycle PWM waveforms. This is because the leads
between the dc-link capacitor and switch phase leg are purposely
increased for measuring input current. The ringing frequency is

Fig. 23. DC-side current waveforms at M = 0.9 and PF = 1. From top to
bottom: output phase current ia, input positive line current of inverter #1ip1,
input positive line current of inverter #2ip2, and total input positive line current
ip. (a) 0° interleaving angle. (b) Zoom-in figures of (a) showing switching
cycle waveforms. (c) 180° interleaving angle. (d) Zoom-in figure of (c) showing
switching cycle waveforms.

above megahertz and will not impact the switching frequency
harmonic characteristics.

Fig. 24 shows the spectrum of positive line current harmonics.
With 180° interleaving angle, the dominant components—the
first carrier frequency and sideband harmonics—are eliminated.
Because the high frequency components of ip will go through
dc-link capacitor C1, around 180° interleaving angle eliminates
dominant high frequency components and achieves minimum
rms ripple current in capacitor C1.
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Fig. 24. Spectrum of the positive line current ip at M = 0.9 and PF = 1.
(a) 0° interleaving angle. (b) 180° interleaving angle.

TABLE V
DC-LINK CAPACITOR HIGH FREQUENCY CURRENT RMS VALUE WITH

DIFFERENT MODULATION INDEXES AND INTERLEAVING ANGLES (PF = 1)

Table V summarizes the dc-link capacitor high frequency cur-
rent rms value at different modulation indexes and interleaving
angles, all at power factor PF = 1. Different from the two-level
inverter case, the minimum dc-link capacitor ripple current rms
value can be achieved when the interleaving angle is around
180◦.

To verify the analysis with a low power factor case, the RL
load is changed to L load (R = 0 Ω, L = 320 μH for each phase),
and the fundamental frequency is increased to 3 kHz and dc
voltage reduced to 100 V to limit the output current level. In this
case, the power factor is PF = 0. Fig. 25 shows the dc-side input
current waveforms with 0° and 90° interleaving angle, all at the
condition M = 0.9.

Fig. 26 shows the spectrum of positive line current harmonics.
With 90° interleaving angle, the dominant components—the
second carrier frequency and sideband harmonics—are signif-
icantly reduced. It can be observed that the second carrier and
sideband harmonics are not eliminated. This is because the
ratio between the carrier frequency and fundamental frequency
(60 kHz/3 kHz) is low in this case and the sidebands of the first
carrier frequency harmonic overlap with the sidebands of the
second carrier frequency harmonic.

Table VI summarizes the dc-link capacitor high frequency
current rms value at different modulation indexes and interleav-
ing angles, all at power factor PF = 0. In this case, the minimum
dc-link capacitor ripple current rms value can be achieved when
the interleaving angle is around 90◦. This trend matches the
conclusion in aforementioned analysis.

C. Impact of Interleaving on EMI Harmonics

EMI noise currents of the paralleled inverter system are mea-
sured with the EMI test receiver and RF probe following DO-160
standards. The operation condition is the same as previous. RL
load is used. A 1-nF capacitor and a 100-Ω damping resistor are
added between the three-phase RL load neutral point and ground
to model the stray capacitance.

Fig. 25. DC-side current waveforms at M = 0.9 and PF = 0. From top to
bottom: output phase current ia, input positive line current of inverter #1 ip1,
input positive line current of inverter#2 ip2, and total input positive line current
ip. (a) 0° interleaving angle. (b) Zoom-in figure of (a) showing switching
cycle waveforms. (c) 90° interleaving angle. (d) Zoom-in figure of (c) showing
switching cycle waveforms.

Fig. 26. Spectrum of the positive line current ip at M = 0.9 and PF = 0.
(a) 0° interleaving angle. (b) 90° interleaving angle.
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TABLE VI
DC-LINK CAPACITOR HIGH FREQUENCY CURRENT RMS VALUE WITH

DIFFERENT MODULATION INDEXES AND INTERLEAVING ANGLES (PF = 0)

Fig. 27. Measured ac-side CM noise at different interleaving angles and their
comparison with 0° interleaving angle. (a) 60° interleaving angle. (b) 180°
interleaving angle.

Fig. 28. Measured ac-side DM noise at different interleaving angles and their
comparison with 0° interleaving angle. (a) 60° interleaving angle. (b) 180°
interleaving angle.

EMI noise currents are measured at different interleaving
angles. Figs. 27 and 28 show the measured ac-side CM noise
and DM noise at several typical interleaving angles and their
comparison with 0° interleaving angle, respectively. Different
interleaving angles will reduce different carrier harmonics. For
example, in Fig. 27(a), the 60° interleaving angle eliminates

Fig. 29. EMI filter corner frequency versus interleaving angles. (a) CM filter.
(b) DM filter.

the third carrier harmonics and reduces the second and the
fourth carrier harmonics by half. With the measured EMI
bare noises, EMI filter corner frequency can be determined.
Fig. 29 summarizes the CM filter corner frequency and DM
filter corner frequency at different interleaving angles when one
stage filter is assumed. The trends match the conclusion in the
aforementioned analysis. With 60-kHz switching frequency, CM
filter corner frequency peak is achieved when the interleaving
angle is around 180°, and the second optimal interleaving angle
range is 30°–90°. The DM filter corner frequency peak is ob-
tained when interleaving angle range is around 30°–60°, and the
second optimal interleaving angle range is around 120°–180°.

VI. CONCLUSION

This article presents the modeling and reduction of harmonics
in paralleled and interleaved three-level NPC inverters with
SVM. First, the analytical models for the harmonics calculation
of three-level NPC inverter with SVM are developed, and the
unique dc-link current harmonics characteristic of the NPC
inverter are identified. Accuracy of the models is experimentally
verified.

Second, the impact of interleaving angle on ac- and dc-side
harmonics is comprehensively studied. The optimal interleav-
ing angle to reduce dc-link capacitor high frequency current
ripple is derived and experimentally verified, which is highly
dependent on power factor and modulation index and different
from the two-level inverter case. For example, at high modu-
lation index, optimal interleaving angle range is around 180◦

and around 90◦ for high power factor and low power factor,
respectively. However, in the two-level inverter, the conclusion
is opposite—the optimal interleaving angle range is around 90◦

and around 180◦ for high power factor and low power factor,
respectively.

Third, the impact of switching frequency and interleaving
angle on EMI harmonics is analytically studied. The optimal
interleaving angle ranges for CM filter and DM filter corner
frequency are also derived and experimentally verified, which
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are highly dependent on switching frequency. For example, with
60-kHz switching frequency, around 180° and 30°–90° inter-
leaving angle ranges are preferred for CM filter, and 30°–60° and
120°–180° interleaving angle ranges are preferred for DM filter.

APPENDIX

See Tables VII and VIII.

TABLE VII
DOUBLE FOURIER INTEGRAL LIMITS IN REGION 2 (SECTORS I, II, III)

TABLE VIII
DOUBLE FOURIER INTEGRAL LIMITS IN REGION 1 (SECTORS I, II, III)
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