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Abstract: A variety of modulation strategies for suppressing output common-mode voltage (CMV)
of indirect matrix converters (IMC) have been proposed, but most of them mainly reduce the peak of
CMYV by 42.3%. The frequency-domain characteristics of CMV have not been deeply analyzed. In
order to improve the theory of frequency-domain characteristics of output common-mode voltage of
IMC, this paper proposed a common-mode frequency domain analysis of five common-mode voltage
peak suppression modulation methods for IMC. The common-mode voltage spectrum corresponding
to the five modulation methods is obtained by the triple Fourier series, and the variation laws of
the output common-mode components of the five modulation methods under different modulation
indexes are compared and analyzed. By comparing and analyzing the low-frequency amplitude char-
acteristics and high-frequency amplitude characteristics of five modulation methods, the suppression
performance of the five modulation methods is evaluated. Finally, experiments verify the correctness
of the theoretical analysis of the frequency domain characteristics of the output common-mode
voltage of the indirect matrix converter.

Keywords: indirect matrix converter (IMC); common-mode components; spectrum analysis; triple
Fourier series; voltage transfer ratio (VIR)

1. Introduction

The indirect Matrix Converter (IMC) has a wide range of application prospects in new en-
ergy power generation systems and AC transmission fields due to its sinusoidal input/output
current waveform, adjustable input power factor, compact structure, and other excellent
advantages [1]. However, the output voltage of PWM modulated IMC contains huge amounts
of common-mode components. The high-frequency and high-magnitude common-mode
voltage (CMV) will generate the bearing current [2], destroy the winding insulation and
shorten the operating life of an ac motor [3]. At the same time, high-frequency CMV will
cause electromagnetic interference to the surrounding equipment [4] and affect the reliable
operation and electromagnetic compatibility of the motor drive system, which affects the
operating performance of the motor drive system [5].

In order to improve the output quality of IMC, the method of suppressing CMV can be
divided into hardware compensation and software compensation. Hardware compensation
includes adding a filter and CMV suppressor at the output end of IMC, which increases
the weight and volume of the system and reduces the power density of the system [6,7].
Software compensation represents reasonable modulation strategy optimization. There
has been much literature that analyzes and suppresses CMV. In literatures [8-13], the peak
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magnitude of CMV is reduced by changing vector selection in the rectifier or inverter stage
of IMC. However, these methods do not consider suppressing high-frequency common-
mode components in output voltage. The existing modulation methods mainly focus on the
suppression of the peak magnitude of CMV, and there are few studies on the suppression
of common-mode components. The harm of common-mode voltage to the motor system is
not only related to the peak magnitude of CMYV, but also the high amplitude of common-
mode components, and the high frequency of common-mode components also have a great
impact on the motor system, so suppression of common-mode components is necessary.

In order to suppress common-mode components of IMC, it is necessary to deeply ana-
lyze the frequency domain characteristics of CMV and quantitatively analyze the variation
law of common-mode components. At present, one of the commonly used quantitative
analysis methods for output components is FFT analysis. However, when signals are
sampled and windowed by FFT analysis, it brings problems such as frequency leakage and
aliasing, which results in FFT analysis being inaccurate [14]. Another analysis method is
to mathematically model the output waveform and calculate output components through
mathematical derivation. In literatures [15-18], the harmonic analysis of different topology
converters are derived from the double Fourier series. Because the matrix converter output
waveform is related to the input frequency, output frequency, and carrier frequency, the
output spectrum results obtained by the double Fourier series are inaccurate. In the litera-
ture [19,20], the triple Fourier series is used to mathematically model the output voltage
waveforms of direct matrix converter and ultra-sparse matrix converter in the traditional
space vector modulation method; obtain output voltage harmonic spectrum, and analyze
the variation laws of output voltage harmonic component. However, the existing research
has not yet deeply analyzed the variation laws of common-mode components of different
modulation methods of IMC, and in order to better suppress the common-mode compo-
nents of IMC, it is necessary to further improve the theoretical study of the frequency
domain characteristics of CMV of IMC.

In this paper, the influence and suppression methods of the output common-mode
voltage of the indirect matrix converter are introduced, and several methods of frequency
domain analysis of the output component are simply described in Section 1. In Section 2,
CMYV of five modulation methods are triple-modeled, spectrums of CMV are obtained,
and the frequency domain characteristics of CMV are analyzed. In Section 3, compares
the suppression abilities of five modulation methods on common-mode components,
and considering the effects of voltage transmission ratio (VIR) on the common-mode
components at the same time, it can be seen that the modulation method 1, in which the
inverter stage uses four effective vectors has the strongest ability to suppress common-mode
voltage among five modulation methods; In Section 4, the correctness of the theoretical
analysis is verified by experiments. Finally, the frequency domain characteristics of IMC
output common-mode voltage of five modulation methods are summarized in Section 5.

The main contributions of the introduction section are shown in Figure 1.
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Figure 1. Contribution block diagram of introduction.
2. Triple Fourier Modeling of Common-Mode Voltage of Space Vector Modulation
2.1. Traditional Space Vector Modulation

The topology of IMC is shown in Figure 2, which is divided into two parts: the rectifier
stage and the inverter stage. The sector division of the rectifier stage is shown in Figure 3.
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Figure 2. Topology of IMC.
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Figure 3. Sector of rectifier stage.
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The three-phase input voltage u,, up, and u. are

Uy = Vip cos(wint)
Up = Vip cos(wint — 27/3) €))
ue = Vipcos(wint + 27/3)

where Vi, is the input voltage amplitude, wi, = 27fin, win is the input angle frequency, and
fin is the input frequency.

The traditional space vector modulation principle of IMC is shown in Figure 4; the
rectifier stage modulation vectors contain six effective current vectors and three zero current
vectors. The reference input current vector I is synthesized by two adjacent effective current
vectors, Is and I,. The inverter stage modulation vectors contain six effective voltage vectors
and two zero voltage vectors. The reference output voltage vector V. is synthesized by two
adjacent effective voltage vectors, V, Vg and two zero voltage vectors, V and V7. During
modulation, the IMC generates common-mode voltage ling between the load neutral point n
and the power supply location g, and the calculation expression of ung is

Ung = (MAg + upg + uCg) /3 ()

where ug, Uupg and ucg are three-phase output voltages.

V5(001) Ve(101)

(a) Rectifier stage modulation (b) Inverter stage modulation

Figure 4. Space Vector Modulation Principle of IMC.

According to the traditional SVM principle, the peaks of common-mode voltage under
the action of modulation vectors of different rectifier stages and inverter stages are shown
in Table 1.

Table 1. Common-mode voltage under different vectors.

kin Current Vectors Voltage Vectors Common-Mode Voltage
Is Vi~V 0.577Vi,
1,3,5 I Vy (111) Vin
Y V; (000) 0.866Viy,
Is Vi~V 0.577Vi,
2,4,6 I V (000) Vin
Y Vy (111) 0.866Vin

From Table 1, it can be seen that when the inverter stage adopts the zero voltage vector,
the maximum value of common-mode voltage is Vi,, and when the inverter stage adopts
the effective voltage vector, the maximum value of common-mode voltage is 0.577 V.
Therefore, most of the existing improved modulation methods reduce the peak of CMV
without using the zero voltage vector.

2.2. Modulation Methods to Suppress 42.3% Common-Mode Voltage Peaks

In this paper, five modulation methods that suppress the 42.3% peak of CMV are used
as research objects to analyze the frequency domain characteristics of the CMV. The five
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modulation methods do not use zero voltage vectors in the inverter stage. The following
describes each of the five modulation methods.

2.2.1. Method 1

The vector arrangement of method 1 and the synthesis waveform of common-mode
voltage ung are shown in Figure 5. The reference input current vector I of the rectifier
stage is synthesized from two adjacent effective current vectors. The inverter stage uses
two effective voltage vectors opposite to each other instead of the zero voltage vector, and
the reference output voltage vector V. is synthesized by four adjacent effective voltage
vectors. From the vector synthesis principle and duty cycle calculation, it can be seen that
the voltage transmission ratio m (m is the ratio of Vie¢/Vi,) range of method 1 is (0, 0.866).

V5(001) Vi(101)

I
(a) rectifier stage (b) inverter stage
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Figure 5. Modulation principle and vector distribution of method 1.

2.2.2. Method 2

The vector arrangement of method 2 and the synthesis waveform of the common-
mode voltage ung are shown in Figure 6. Method 2 re-divides into 6 sectors of the inverter
stage. In the new sector of the inverter stage, the reference output voltage vector V. is
synthesized by three adjacent effective voltage vectors, and the rectifier stage modulation
principle is the same as method 1. The voltage transmission ratio range of method 2 is
(0.577, 0.866).
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Figure 6. Modulation principle and vector distribution of method 2.
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2.2.3. Method 3

The vector arrangement of method 3 and the synthesis waveform of the common-mode
voltage ling are shown in Figure 7. Method 3 re-divides into six sectors of the rectifier stage;
the reference input current vector I s is synthesized by three adjacent effective current
vectors, and the inverter stage reference output voltage vector V. is synthesized by two
adjacent effective voltage vectors. The voltage transmission ratio range of method 3 is
(0.577,0.866).

V5(001) Ve(101)

(a) rectifier stage (b) inverter stage
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/) b s /3Ucb
13U | 1/3pycq | 131400 \:/ 1/3Uba { 1/31c4 /5ue

-7t 0 T

Figure 7. Modulation principle and vector distribution of method 3.

2.2.4. Method 4

The vector arrangement of method 4 and the synthesis waveform of the common-
mode voltage ung is shown in Figure 8. Method 4 rectifier sector division is the same as
method 3, and the reference input current vector I, is synthesis by two effective current
vectors are a difference of 120° and zero current vectors, where the selection of the zero
vector of the rectifier stage needs to ensure that the intermediate DC bus and the absolute
minimum input voltage are connected. The inverter stage reference voltage vector V g is
synthesized by two adjacent effective voltage vectors. The voltage transfer ratio range of
method 4 is (0, 0.5).

Va(110)

V4(100)

V5(001) Ve(101)

(a) rectifier stage (b) inverter stage
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ung

1/3Ube

-7t 0 T

Figure 8. Modulation principle and vector distribution of method 4.
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2.2.5. Method 5

The vector arrangement of method 5 and the synthesis waveform of the common-mode
voltage ung are shown in Figure 9. The rectifier stage reference input current vector I is
synthesized by three adjacent effective current vectors, and the inverter stage reference
output voltage vector V. is synthesized by two adjacent effective voltage vectors. The
voltage transfer ratio range of method 4 is (0.677, 0.866).

(a) rectifier stage (b) inverter stage
Rec Iab | Iac | C | Iac | Iab
InviVi| e [V [Vi[Vi[WWVe Vil Vi|Va| Vo[ W
|
|
Ung i | PP [3Uab | 1/3L Tstlac | 1/310bc
1/3Uch m 1/341ba e 1/3Ucb
|
|
-7t 0 T

Figure 9. Modulation principle and vector distribution of method 5.

2.3. Triple Fourier Modeling of Output Common-Mode Voltages

Because output waveforms of IMC are related to the input frequency, output frequency,
and carrier frequency, the three frequencies are independent of each other. To analyze
frequency domain characteristics of CMV and evaluate the ability of five modulation
methods to reduce common-mode voltage, the common-mode voltage is modeled based
on the triple Fourier series and obtained spectrums of CMYV in this paper.

The expression for symmetric triangular carrier c(f.) of modulation methods is

c(6c) = %arccos [cos(6c)] (©)]

where 6. = 27f t, f is the carrier frequency.

According to vector arrangements of modulation methods and synthesis waveform
of CMV, common-mode voltage ung is a time-varying periodic function and is segmented
smoothly on a carrier cycle. Therefore common-mode voltage tng(6c,0in,Oout) satisfies the
condition of Fourier expansion. The common-mode voltage is expanded by a Fourier series,
and the expression ng(0c,0in,Oout) is

+o00 +o0 +oo )
ung (GC/ Oin/ Bout) = 2 2 Z Fk,p,q . e](k9C+p6in+q90ut) (4)

k=—oc0 p=—00g=—00
The triple Fourier coefficient Fy ), , of common-mode voltage is

Apg — iBrpg
2

2 2 2 i _ipf.. i
= # 07T OT[ Oﬂ[”ng(eo ginreout) -€e ]che ]P9me ]qeout:| decdeindeout

F, k,p.q

©)

where k, p, and g are integers, Ay 5, and By, ; are the real and imaginary parts of the triple
Fourier coefficients, respectively.
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The amplitudes of common-mode components of frequency kf. £ pfin £ qfout are

_ _ /a2 2
Viopa= Z‘F k/p,q’ = \/m (6)

Taking the first sector of the rectifier stage and the inverter stage as an example,
Figures 5-9 shows a synthetic waveform of CMV under a triangular carrier of five modula-
tion methods. Similarly, according to the principles of modulation methods, the synthetic
waveform of common-mode voltage of other sectors can be known. Bring ling and the
common-mode voltage switching time into Equation (5), calculate the triple Fourier coeffi-
cient of common-mode voltage, and the amplitudes of output common-mode components
are obtained according to Equation (6). The common-mode voltage is normalized, and the
Per-unit value h¢om of common-mode components are

hcom :2‘1:1(,]9,5,‘ /Vin @)

3. Theoretical Analysis and Comparison of Common-Mode Components

The voltage transfer ratio m of five modulation methods is shown in Table 2. Compared
with traditional SVM, the voltage transfer ratio of method 1 is not affected. Furthermore,
method 4 can only operate in the low voltage transmission ratio range, and method 2,
method 3, and method 5 can only operate in the high voltage transmission ratio range.

Table 2. Voltage transfer ratio for different modulation methods.

Method 1 Method 2 Method 3 Method 4 Method 5
m 0~0.866 0.577~0.866 0.577~0.866 0~0.500 0.667~0.866

Because the VTR of five modulation methods is inconsistent, in order to quantitatively
analyze variations of common-mode components of different modulation methods and
evaluate suppression abilities of different modulation methods on the common-mode
components, the frequency domain characteristics of common-mode components cor-
responding to different modulation methods in high VIR range and low VTR range
are studied.

3.1. Analysis and Comparison of Common-Mode Components in Low VTR Range

Firstly, the frequency domain characteristics of the common-mode components under
the low voltage transmission ratio range (0, 0.5) are analyzed. As can be seen from Table 2,
method 1 and method 4 operate in the range (0, 0.5). When the input voltage Vi, is 70.7 V,
input frequency fi, is 50 Hz, output frequency fout is 70 Hz, and carrier frequency f. is 5 kHz,
common-mode voltage spectrums of method 1 and method 4 at 7 = 0.3 can be obtained by
calculation. The common-mode components are normalized based on input voltage Vi,, and
obtain Per-unit value of common-mode components, as shown in Figure 10.

50 -

- method 1
40 + - method 4

10

0 fe %, 3. 4. 5.

Frequency

Figure 10. Spectrum of the common-mode components at m = 0.3.
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As can be seen from Figure 10, the common-mode components are greatest in the 2f
band. In order to more clearly analyze the frequency domain characteristics of common-
mode voltage in different frequency bands of method 1 and method 4, common-mode
components of different frequency bands are partially amplified, as shown in Figure 11.
Extracted main common-mode components from the spectrum of CMV as shown in Table 3.

50 50 50+
B method |1 B method 1 Bl method 1
40 B ncthod 4 40 B ethod 4 407 B ethod 4
X 304 =X 301 X 304
S~ =~ S~
£ E E
S 20 820/ S0
~ ~ ~
10 10 10
o I

- - ) 0 0+
0 200 400 600 800 4,000 4,500 5000 5,500 6,000 9,000 9,500 10000 10,500 11,000

(@ 0f ®y) f © 2,
50 50 %
o —JoreH B ot l o) B i
metho -meto
S 30, £ 30 S %0
g = .
=} 3 E
< 20 <20 < 201
10 10 "
J PO STTE TSI Y | ol It 1l g1 ol de et gl

14,000 14,500 15,000 15,500 16,000 19,000 19,500 (20,000 20,500 21,000 24,000 24,500 (25,000 25,500 26,000

C e c C

Figure 11. Partial enlargement of Figure 10.

Table 3. Per-unit value of common-mode components at m = 0.3.

Kfe + Pfin % dfout Frcom (%)
Method 1 Method 4

3fout 6.20 4.29
3fin 25.91 18.56
fe £ 3fout 0.37 5.36
fe £ 3fin 4.88 0.43
feo £ 6fin £ 3fout 5.64 1.46
2fc £ 3fout 10.21 0.18
2fc £ 3fin 2.58 18.34
3fc £ 3fout 0.07 2.83
3fc £ 6fin £ 3fout 2.96 0.95
4f . £ 3fout 4.50 0.60
4f . £ 3fin 0.05 5.47
5fc £ 3fout 0.18 0.78
5fc £ 6fin £ 3fout 1.77 0.01

From Table 3 and Figure 11, it can be seen that 3fj, is the main common-mode com-
ponent in the low-frequency band, the amplitude of 3fj, of method 1 is 25.91%, and the
amplitude of 3fj, of method 4 is 18.56%. From Figure 11b, it can be seen that common-
mode components of method 4 in the f. frequency band are greater than that of method
1, the maximum amplitude of common-mode components of method 1 is 5.64%, and the
maximum amplitude of common-mode components of method 4 is 9.14%. From Figure 11c,
the maximum common-mode components of method 1 are 10.72%, which is obtained at
frequency 2f. £ 3fout- The maximum common-mode components of method 4 are 18.43%,
and the maximum common-mode components of method 4 are obtained at frequency
2f. & 3fin. As frequency increases, the main common-mode components of 3f, 4f, and 5f¢
frequency bands gradually decrease. Extracted the maximum common-mode components
of different frequency bands from method 1 and method 4 are shown in Figure 12.
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Figure 12. Maximum peak values of common-mode components at different frequency bands.

As can be seen from Figure 12, the common-mode components of method 1 and
method 4 in the low-frequency band are larger than high frequency band. In the high-
frequency band, in addition to the common-mode components in the 2f. frequency band,
the common-mode components of method 1 and method 4 show a decreasing amplitude
trend as the frequency increases. In the low-frequency band, the maximum common mode
amplitude of method 1 is greater than method 4. In the high-frequency band, the maximum
common-mode components amplitude of method 4 are greater than method 1. Above the
3f frequency band, the difference between the amplitude of the maximum common-mode
components of method 1 and method 4 is small.

When m = 0.3, it can be seen that the amplitude of high-frequency common-mode
components of method 1 is smaller than that of method 4 by analyzing the frequency
domain characteristics of the common-mode voltage of method 1 and method 4. This
shows that the high-frequency characteristics and suppression ability of output common-
mode components of method 1 are better than those of method 4.

3.2. Analysis and Comparison of Common-Mode Components in High VTR Range

As can be seen from Table 2, in addition to method 4, the other four modulation
methods can operate in the high VIR range. When input voltage Vi, is 70.7 V, input
frequency fi, is 50 Hz, output frequency fout is 70 Hz, and carrier frequency f. is 5 kHz,
the common-mode voltage spectrums of method 1, method 2, method 3, and method 5 at
m = 0.7 can be obtained by calculation. The common-mode components are normalized
based on input voltage Vi,, and obtain Per-unit value of common-mode components, as
shown in Figure 13.

50 [
- method 1
40 - method 2
method 3
—~ hod 5
€ af -met o]
E
= 20
ol
g

0 3 f ?
0 fe 2f; 3 4. 5%

Frequency

Figure 13. Spectrum of the common-mode components at m = 0.7.
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Figure 13 lists the main common-mode components of method 1, method 2, method 3,
and method 5 at 0~5f. frequency bands. From Figure 13, it can be seen that common-
mode components of the high-frequency band decrease with frequency increase gradually.
In order to more clearly analyze the variation of common-mode components of four
modulation methods in different frequency bands, common-mode components of different
frequency bands are partially amplified, as shown in Figure 14. Extracted main common-
mode components from the spectrum as shown in Table 4.

50 30 I ethod | 501
I ethod | B method 2 I method |
40 I method 2 40 method 3 40 B method 2
¢ 30 method 3 o B method 5 ° method 3
= B method 5. S~ 30 = 304 B method 5
£ § g
<20 <20 <520
10 10 10 J I
04 0 42 s2ie . glts 9 0 f i £ 8 } i
200 400 600 800 4,000 4,500 5000 5500 6000 9000 9,500 10,000 10,500 11,000
(@ 0, (b) /. (c) 2f,
50 50 504
Il method | B cthod | Ml method |
40 Bl method 2 40 B method 2 201 B method 1
method 3 method 3 method 1
X 30 Bl method 5| 2 3 B method 5| 2 301 B method 1
< BN ]
g g £
520 520 S 20/
= < <
10 l I 10 104
Ji vi!i Ihu j.x 0 :{ 1}11 l:iy_ 11 0 st .Ji ﬁj. 1.

14,000 14,500 15,000 15,500 16,000 19,000 19,500 (20,000 20,500 21,000 24,000 24,500 25,000 25,500 26,000
€
c c c

Figure 14. Partial enlargement of Figure 13.

Table 4. Per-unit value of common-mode components at m = 0.7.

kfc £ pfin £ af heom (%)
¢ = Plin = @ out Method 1 Method 2 Method 3 Method 5
3fout 14.54 13.35 15.70 14.50
3fin 25.95 25.94 12.14 8.01
fe £ 3fout 0.14 0.17 13.72 1.30
fe £ 3fin 4.99 4.96 0.22 27.82
fe = 6fin + 3fout 0.88 1.98 0.87 2.35
2fc £ 3fout 5.72 6.65 8.48 4.26
2fc £ 3fin 2.64 2.65 16.95 10.98
3fc + 3fout 0.46 0.22 3.22 10.74
3fc £ 6fin £ 3fout 4.40 6.10 0.69 1.03
4 + fout 6.61 4.82 0.65 3.25
4f . £ 3fin 0.18 0.19 6.82 1.82
5fc & 3fout 0.19 0.20 1.32 1.03
5fc £ 6fin £ 3fout 3.05 3.12 0.85 1.39

From Figure 14 and Table 4, it can be seen that the maximum common-mode compo-
nents of method 1 and method 2 in the low-frequency band are 25.91%, and the maximum
common-mode component of method 3 and method 5 in the low-frequency band are 15.7%
and 14.5%, respectively. This shows that the suppression ability of method 1 and method 2
is worse than that of method 3 and method 5 at the low-frequency band. In the f. frequency
band, the maximum common-mode components amplitude of method 1 and method 2 are
4.9%, generated at the f. & 3fj,. The maximum common-mode components amplitude of
method 3 is 13.7%, generated at f. & 3fout, and the maximum common-mode components
amplitude of method 5 is 27.8%, generated at f. & 3fi,. It shows that the suppression ability
of method 1 and method 2 is better than that of method 3 and method 5 at the f. frequency
band. In the 2f. frequency band, neither method 1 nor method 2 has a maximum peak of
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common-mode components exceeding 10%. The maximum common-mode components
amplitude is 16.85% at the 2f. frequency band, which is generated by method 3 at 2f. £ 3fiy.
The maximum common-mode component is generated by method 5 at 3f. = 3fout, and the
amplitude of the maximum common-mode component is 10.7% at the 3f. frequency band.
The common-mode components of other modulation methods are small and symmetrically
distributed around the switching frequency band. The common-mode components in the
frequency bands of 4f. and 5f are small, and the differences between the common-mode
components of different modulation methods are not obvious.

Extracted the maximum common-mode components of method 1, method 2, method 3,
and method 5 at different frequency bands, as shown in Figure 15.

50 -

—e— method 1
40 —4— method 2

method 3
—¢— method 5

0 1 1 1
0 fe 2f 3fe 4. 5.

Frequency

Figure 15. Maximum peak values of common-mode components at different frequency bands.

As can be seen from Figure 15, the maximum values of method 5 in the low-frequency
band are the smallest, and the maximum value of method 1 and method 2 is the largest. In
the f. frequency band and 2f. frequency band, the common-mode voltage maximum values
of method 1 and method 2 are the smallest, method 5 is the largest at the f. frequency band,
and method 3 is the largest at the 2f. frequency band. In frequency bands of 3f, 4f., and 5f,
the maximum values corresponding to four modulation methods is close. As can be seen
from Figure 15, the polylines of method 1 and method 2 are basically coincident, and only in
high-frequency bands, which shows that the variation law of the maximum common-mode
components of the two methods is basically the same. The amplitude corresponding to
method 1 is slightly smaller than that of method 2.

When m = 0.7, comparing the frequency domain characteristics of common-mode
components of the four modulation methods, it can be seen that method 1 has the strongest
ability to suppress high-frequency common-mode components.

3.3. Frequency Domain Characteristic Analysis of Common-Mode Components of Voltage
Transmission Ratio

The frequency-domain characteristics of common-mode components have been an-
alyzed at m = 0.3 and m = 0.7. In order to further analyze the influence of m on the
frequency-domain characteristics of common-mode voltage of five modulation methods,
the spectrum of main common-mode components in different frequency bands varying
with m is obtained by calculating common-mode components corresponding to different
modulation methods under different m, as shown in Figure 16.
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Figure 16. Spectrum of common-mode components with .

Figure 16a shows the spectrum of common-mode components in the low-frequency-
band of different modulation methods with m. It can be seen that the amplitude of low-
frequency common-mode component 3fj, of method 1 is the same as method 2, and m has
no effect on 3f;;, of method 1 and method 2. The amplitude of low-frequency common-
mode component 3f;, corresponding to method 4 decreases with the increase in m. The
component 3f;, corresponding to method 3 and method 5 increases with the increase in m.
The component 3f ., of method 2 decreases with the increase in m, and the component
3fout of other methods increases with the increase in m.

From Figure 16b, it can be seen that common-mode components of method 1 and
method 5 in the f. frequency band are inversely proportional to m, and common-mode
components of method 2 and method 4 are proportional to m in the f.. frequency band. In
Figure 16¢, common-mode components of method 2 and method 4 in the 2f.. frequency band
increases with the increase in voltage transmission ratio 7, and common-mode components
of method 3 and method 5 in the 2f. frequency band decrease with the increase in voltage
transmission ratio m, and common-mode components of method 1 decreases first and
then increases with the increase in voltage transmission ratio m in the 2f. frequency band.
Comparing Figures 16c and 16d, it can be seen that the variation law of common-mode
components with m in the 3f. frequency band of different modulation methods is basically
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the same as that in the 2f. frequency band. In Figure 16e,f, amplitudes of common-mode
components in the 4f. frequency band and 5f. frequency band are small, and change is not
obviously affected by m.

The common-mode components of five modulation methods under the same voltage
transmission ratio can be seen in Figure 16. Except that when the voltage transmission
ratio is 0.1, the common-mode components of method 1 in f.~3f. are greater than that of
method 4. When the voltage transmission ratio is other values, comparing high-frequency
common-mode components of different modulation methods, high-frequency common-
mode components of method 1 can maintain a smaller amplitude, indicating that method 1
has the best suppression effect on high-frequency common-mode components.

4. Experimental Analysis and Validation

In order to verify the correctness of the theoretical analysis in this paper, a set of IMC
experimental prototypes was built, as shown in Figure 17, and the experimental parameters
are shown in Table 5.

Figure 17. Laboratory prototype of the IMC.

Table 5. Experimental parameters.

Parameters Value
Input voltage Vi, 707V
Input frequency fi, 50 Hz
Input filter parameters Ry-L+-Cy 2002/1.7 mH/10 uF
Switching frequency f. 5kHz
Output load R/L 20 /10 mH
Output frequency fout 70 Hz

When voltage transmission ratio m = 0.3, experimental waveforms and FFT spectrums of
the common-mode voltage of methods 1 and method 4 are shown in Figure 18; When voltage
transmission ratio m = 0.7, experimental waveforms and FFT spectrums of the common-mode
voltage of methods 1, method 2, method 3 and method 5 are shown in Figure 19.

Figures 18 and 19 show experimental waveforms and FFT analysis spectrums of CMV
of different modulation methods. In order to quantitatively analyze frequency domain
characteristics of CMV, the main common-mode components are extracted from spectrums
of CMV, and common-mode components corresponding to low transmission ratio m = 0.3
and high transmission ratio m = 0.7 are shown in Tables 6 and 7, respectively.
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Common-mode voltage

Common-mode voltage

106, 10 20 30 40 50 19 10 20 30 40 50
t/ (ms) t/ (ms)
30 s 30 .
* L Fundamental(70Hz)=2.818 THD=1208.03% 2 Fundamental(70Hz)=2.739 THD=1295.41%
=20 =20
= &
%10 % 10
S W— T T o T
0 5 15 20 25 30 0 10 15
f/ (kHz) f1 (kHz)
() (b)
100, 100

Common-mode voltage

Common-mode voltage

'Mww i MWWMWW .,.\J‘

t / (ms)

20 30
t/(ms)

Fundamental(70Hz)=2.068 THD=1508.84%

Fundamental(70Hz)=2.072 THD=1848.73%

U

10 20 25 30

10 20 25 30

15 15
f/ (kHz) f1 (kHz)
(c) )
Figure 19. Experimental waveforms and FFT of CMV at m = 0.7 (a) method 1; (b) method 2;

(c) method 3; (d) method 5.

From Figure 18 and Table 6, when m = 0.3, it can be seen that the amplitude of 3fj,
of method 1 is 26.29%, and the amplitude of 3fj, of method 4 is 18.59%. The amplitude of
common-mode components of method 4 is slightly greater than that of method 1 in the f.
frequency band; In the 2f. frequency band, the maximum common-mode components of
method 1 is 10.72%, and the maximum common-mode component generated by method 4
is 15.43%. Above 3f. frequency, the amplitudes of common-mode components of method 1
and method 2 are similar and there are no obvious differences.

From Figure 19 and Table 7, when m = 0.7, it can be seen that the larger common-mode
components of method 1 and method 2 are mainly concentrated in the low-frequency-band,
the main common-mode components of method 5 are concentrated in the f. frequency band,
and the main common-mode components of method 3 are concentrated in the 2f. frequency
band. The maximum common-mode components of method 1, method 2, method 3, and
method 5 in the high-frequency band are 6.6%, 6.9%, 17.2%, and 26.8%, respectively. This
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shows that method 1 has the strongest ability to suppress high-frequency common-mode
components when m = 0.7.

Table 6. Per-unit value of common-mode components of experimental waveform at m = 0.3.

kfc & pfin £ qfout Frcom (%)
Method 1 Method 4

3fout 6.01 5.83
3fin 26.29 18.59
fe £ 3fout 0.68 5.09
fe £ 3fin 5.20 0.58
feo £ 6fin £ 3fout 6.46 1.91
2fc £ 3fout 10.72 0.09
2fc £ 3fin 3.03 15.43
3fc £ 3fout 0.27 291
3fc £ 6fin £ 3fout 2.86 1.14
4f c £ 3fout 4.88 1.38
4f o + 3fin 0.36 6.10
5fc £ 3f out 0.51 0.90
5fc £ 6fin £ 3fout 1.42 0.17

Table 7. Per-unit value of common-mode components of experimental waveform at m = 0.7.

Kfe + pfin % dfout Frcom (%)
Method 1 Method 2 Method 3 Method 5

3fout 13.53 13.30 13.43 11.45
3fin 25.72 26.03 11.96 7.92
fe £ 3fout 0.83 0.25 12.5 1.05
fo £ 3fin 4.85 4.85 0.44 26.82
fe £ 6fin £ 3fout 0.85 1.68 1.26 2.15
2fc £ 3fout 5.06 6.94 8.28 4.06
2fc £ 3fin 2.78 2.83 17.25 10.79
3fc £ 3fout 0.89 0.62 2.92 9.98
3fc £ 6fin £ 3fout 3.95 6.45 0.62 1.21
4f o £+ 3fout 6.62 5.06 0.93 3.35
4f . £ 3fin 0.35 0.33 7.38 1.16
5fc £ 3fout 0.25 0.34 1.26 0.38
5fc £ 6fin £ 3fout 2.82 3.68 0.94 1.09

Comparing Tables 3 and 6, it can be seen that the maximum difference between the
theoretical data and experimental data of common-mode components of CMV of method 1
and method 4 is 2.91% when m = 0.3. Comparing Tables 4 and 7, it can be seen that
the maximum difference between the theoretical data and experimental data of CMV of
method 1, method 2, method 3 and method 5 is 3.05% when m = 0.7. The deviation is
within a reasonable range and does not affect the analysis of results, so the correctness of
theoretical analysis is verified by experiments.

5. Conclusions

In this paper, the common-mode spectrum of five modulation methods is obtained
by the triple Fourier series. By comparing and analyzing the low-frequency amplitude
characteristics and high-frequency amplitude characteristics of five modulation meth-
ods, the suppression performance of the five modulation methods is evaluated. Through
common-mode spectrum analysis, the following conclusions can be drawn:

1. The common-mode components are mainly concentrated at integer multiples
of switching frequency, and the integer multiple switching frequency is symmetrically
distributed. The farther away from the switching frequency, the smaller the amplitude of
the common-mode components.
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2. The higher the frequency, the smaller the amplitude of common-mode components.
When frequency reaches 3f. or above, the amplitude of common-mode components is
very small.

3. By analyzing the effect of voltage transmission ratio on common-mode components,
it can be seen that voltage transmission ratio m has a greater influence on common-mode
components of 0~3f. frequency bands.

4. By comparing and analyzing frequency domain characteristics of common-mode
components of five modulation methods, modulation method 1, where the inverter stage
uses four effective vectors, has the strongest ability to suppress common-mode components
among five modulation methods.
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