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A Markov Chain Random Asymmetrical SVPWM
Method to Suppress High-Frequency Harmonics
of Output Current in an IMC-PMSM System

Yang Yang ", Weizhang Song

Abstract—In the system of permanent magnet synchronous mo-
tor (PMSM) driven by indirect matrix converter (IMC), space
vector pulsewidth modulation (SVPWM) technology is used in the
inverter stage, which causes that the output current generates high-
frequency harmonics around the integral multiples carrier fre-
quency, thus generating high-frequency noise and electromagnetic
interference. In order to suppress the high-frequency harmonics of
output current in IMC-PMSM, a Markov chain random asymmet-
rical SVPWM (MRA-SVPWM) method is proposed in this article.
Although random PWM (RPWM) technology have some effect
to reduce the harmonic amplitude. There are still some inherent
defects. Markov chain with nonaftereffect is applied to random
switching frequency PWM in order to improve the performance of
RPWM. Meanwhile, MRA-SVPWM changes the switching state by
adjusting the vectors order and, thus, changes the coefficient of the
harmonic. A better suppression performance around the integer
multiples carrier frequency is achieved. Meanwhile, the principle
of harmonic suppression is analyzed by using three-dimensional
Fourier. Finally, the effectiveness of the proposed algorithm is
verified by experiments.

Index Terms—Harmonics suppression, indirect matrix converter
(IMC), permanent magnet synchronous motor (PMSM), random
PWM (RPWM).

1. INTRODUCTION

ECENTLY, the indirect matrix converter (IMC) has at-
Rtracted widely attention due to the superior input and
output performance, bidirectional energy flow, and nonlarge-
capacitors in the dc-side [1]. And IMC is widely used in various
industry applications, especially three-phase ac driven system
[2], [3]. On the other hand, permanent magnet synchronous
motor (PMSM) is widely used as the driven motor in ac drive
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system due to the advantages of high power density, high effi-
ciency, small size, and wide speed range. It is now widely used
in various industries such as rail transportation and machinery
manufacturing [4], [5], [6].

At present, in the IMC-PMSM system, the space vector
pulsewidth modulation (SVPWM) technology is commonly
used, which has achieved good results. However, there are still
some unresolved problems. It prone to lead the large harmonic
amplitude around the integer multiples carrier frequency in
the stator current [7]. Then resulting in high-frequency noise
and electromagnetic interference [8]. In many special industrial
applications, the requirement for motor noise, which caused by
high-frequency harmonics is very strict. Therefore, it is neces-
sary to reduce the adverse impact of high-frequency harmonics
to the system.

Some new modulation technologies to suppress the harmonics
have been proposed. The interleaved parallel inverter structure
has a good effect on harmonics suppression [9], [10]. Although
this is available in parallel in IMC, it increases the number of
inverters and cost.

Random PWM (RPWM), which includes random pulse posi-
tion random center distribution (RCD) [11], random zero voltage
vector distribution (RZD), and random switching frequency
(RSF) PWM [12] can disperse the superimposed harmonics
throughout the spectrum through random processing of the
switching position and the switching frequency, so as to suppress
the higher harmonics to reduce the motor noise [13]. Zhang et al.
[14] proposed RCDPWM with equal probability of randomly
selecting N carrier modes in each carrier cycle to obtain different
pulse position state. However, the implementation of RCDPWM
is more complicated. Peyghambari et al. [15] proposed a new
RPWM based on the relation between the reference rotary vector
and switching periods in order to create a gap in the line voltage
power spectrum density of three-phase inverter to reduce the
acoustic noise and vibration. In [16], a hybrid PWM strategy of
RSF and RCD was proposed to be applied to a five-phase inverter
to suppress high-frequency harmonics. Although RFSPWM is
effective in harmonic suppression, it is extremely dependent
on the distribution effect of the random number. If the range
of random number is too small, the motor efficiency and the
effect of harmonic suppression will be reduced, conversely, the
switching loss will be increased.

Besides the interleaved parallel inverter structure and RPWM,
the modified SVPWM provides another way to reduce the
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Fig. 2. Space vector diagrams for SVPWM. (a) Rectifier stage. (b) Inverter
stage.
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Fig. 3. Vector distribution of IMC rectifier-inverter coordinated commutation
strategy.
TABLE I
RELATIONSHIP BETWEEN SECTOR AND DC VOLTAGE
Sector Angle Open switch  Modulation switch ~ Dc voltage

1 -1/6~7/6 Sap Shn, Sen Uab, Uac

2 /6~/2 Sen Sap, Sbp Uac, Ubc

3 /2~51/6 Sbp San, Sen Uba, Unc

4 Sm/6~Tn/6 San Sbp, Sep Uba, Uca

5 Tn/6~97/6 Sep Sbns San Uch, Uca

6 9n/6~117/6 Son Sap, Sep Uab, Uch

harmonics by changing the pulse wave rules [17], [18]. Huang
et al. [19], [20], and Han et al. [21] proposed the modified
single-edge and double-edge regular sampling SVPWM tech-
nology, respectively. It modified switching state functions based
on SVPWM, and combined with RSFPWM into a hybrid PWM
technology. This method can change the harmonics coefficient.
It is effective to reduce the harmonics at odd multiples of the
carrier frequency, but increase that at even multiples.
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This article proposes a better solution using Markov chain
random asymmetrical SVPWM (MRA-SVPWM) method for
high-frequency harmonics suppression of output current in an
IMC-PMSM system. The goal of this method is to give the best
performance in terms of the even distribution of harmonics on the
frequency spectrum. By changing the random carrier frequency
distribution and increasing the equivalent switching frequency,
the harmonic amplitude around integer multiples carrier fre-
quency are significantly reduced and it is beneficial to reduce
the high-frequency noise of the motor. Meanwhile, the principle
of harmonic suppression is analyzed by using three-dimensional
(3-D) Fourier. The correctness and effectiveness of the proposed
method are verified by experimental results.

II. MODULATION STRATEGY AND HARMONIC ANALYSIS OF
IMC-PMSM SYSTEM

A. Modulation Strategy

IMC is a kind of ac—dc—ac converter, whose structure is shown
in Fig. 1. IMC consists of three parts: LC filter, rectifier stage
and inverter stage. Generally, both rectifier and inverter adopt
conventional SVPWM.

Conventional SVPWM divides sectors and decomposes ref-
erence vector into active vectors, which is shown in Fig. 2. By
calculating and distributing the duty ratio of the active vectors,
the switching states and driving pulses are obtained. The rectifier
stage modulation strategy does not contain zero vector, while the
inverter stage contains two zero vectors, whose duty ratios are
shown as follows [22], shown at the bottom of next page.

di :misin I 791
1 ' (3 ) (1)
di2 = m; sin(6;)
dyr = mysin(§ — 6,)
dyo = my, sin(6,) 2)

dy=d7 = 1(1—

2 dvl - va)

where d;1, d;2 and d,1, d,o are duty ratio of active vectors
in the rectifier and inverter stage, dy and d7 are the duty ratio
of zero current vectors. m; and m,, are the modulation index of
the rectifier and inverter stage. 6; and 6, are the angle between
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the reference vector and the active vectors in the rectifier and
inverter stage.

In order to realize the zero current commutation of the rectifier
stage, the vector distribution of the inverter stage needs to be
reprogrammed to form a set of complete modulation strategy for
the whole topology, which is shown in Fig. 3. The active current
vectors of the rectifier stage are I; and I, and the corresponding
duty ratio are d;; and d;5. The active voltage vectors of the
inverter stage are V7 and Vs, and the corresponding duty ratio
are d,; and d,o. While the duty ratio of the zero vector V|
and V7 are dy and d7. When zero vector appears in the inverter
stage, the output side of which is connected to the P or N of
the dc-side, and there is no current loop in the dc-side. At this
time, the current vector of rectifier stage is switched, and there
is no current flows through the switching tube. Therefore, the
coordinated commutation of IMC can be achieved by changing
the switching states of the rectifier stage within the zero vector
action interval of the inverter stage, and the switching voltage
peak of the rectifier stage can be effectively reduced.

B. Theoretical Analysis of High-frequency Harmonic of
SVPWM

The high-frequency harmonics are mainly caused by the high-
frequency inverter switches. In this section, its characteristic is
analyzed briefly as follows.

The PWM time-varying function of harmonics components
can be expressed, as shown in (3) at the bottom of this page [23],
[24].

wherex=wq + 04, y=wc + 0. and z=wy + 0y, wq we wo are
the angular frequency of the grid, carrier wave, and fundamental
wave. 04 0. 0 are the initial angle of the grid, carrier wave, and
fundamental wave. k m n are the grid, carrier and baseband index
variable. Ay, Brmn are the coefficients of equation, which is
shown in (4) at the bottom of this page.
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In (3), harmonic components are divided into four parts: the
first part on the right side of (3) represents the de component;
the second represents the base band of harmonic component as-
sociated with the grid, carrier or the fundamental frequency; the
third represents harmonic components between two frequencies;
the fourth represents the harmonic components relevant to the
grid, carrier or the fundamental frequency. The high-frequency
harmonics concentrate at the frequency of kfy + mf. & nfy.
For example, m = 1 and n = 2 define the second sideband
harmonic in the group of harmonics that are located around the
first carrier harmonic. In industrial applications, it is necessary
to pay attention to the harmonic components near the first and
second order carrier frequency, i.e., m = 1 and m = 2. By 3-D
Fourier integral, the harmonics amplitude within a fundamental
frequency waveform period can be expressed as follows:

Since the inverter stage uses the SVPWM. The modulated
wave of SVPWM can be defined as [25]

% (_1)7€+1

2 =6
z(t)za(\/gcoswto-i-kz_o (L =)

where n = 6k + 3, k=0, 1, 2,.. .. when k > 1, the harmonic
coefficients are all very small compared with the fundamental
one. Therefore, only the fundamental and third harmonics are
considered in the study. The function z(t) can be approximated
as

cos 3wt0> (6)

2(t) = M coswty + M3 cos 3wt 7

where M = 28 My=32 ).

During a period of maximum dc side voltage. Using the
double-edge symmetrical regular sampling technology. The ex-
pression of U,, can be redefined, as shown in (8) at the bottom of
this page, where Uiy, is the max voltage in grid side. However, the
integration limits are related to the sector number of reference

o0

o0
> [Agmo cos(kx + my) + Bgmo sin(kz + my)] +

8

(Akoo cos kx + By sin kx) k=1m=1
k=1 o 9
A 0 ) S0 > [Agon cos(kx + nz) + Byon sin(kz + nz)| +
flx,y,2) = ;OO + |+ > (Aomo cosmy + Bomosinmy) | + | k=1 oo
m=1 n
o0 o0 (o)
+ > (Agon cosnz) + By, sinnz) S0 > [Aomn cos(my + nz) + Bomn sin(my + nz)]
n=1 m=1 n=—00
(n#0) i
+ Z Z Z [Akmn cos(kxz + my + nz) + Bomn sin(kx + my + nz)) 3)
k=1m=1 n=—o0
(n#0)
1 27 2 27 )
Akmn + jBkmn = 13 / / f(xv Y, Z)ej(szrmernz)dl‘dde 4)
4> Jo 0 0
3 = T Z (M cos z+Msz~y cos 3z+1) ]
Agmn + jBrmn = = /6 / /2 Uil Betmutnz) qa.qyd 2 ®)
8 -5 J-m 7%(1Mcos z+ Mg~y cos3z+1)
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Fig. 4. Diagram of the effect of conventional SVPWM and frequency spec-
trum.
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Fig. 5. Diagram of state transition.
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Fig. 6. Random number generation flowchart of two-state Markov chain.

TABLE II
RANDOM NUMBER EVALUATION STANDARD PARAMETERS

Markov chain
random numbers

Conventional
random numbers

Total sample size 100 100
Actual mathematical 0.526164 0.506985
expectation in (13)
Deviation degree D' in (14) 0.215036 0.262285
Asymptotic S}gmﬁcgnce of 0.169 0011
normal distribution
Asymptotic Significance of
uniform distribution 037 0.698
Asymptotic Significance of 0.00 0.00

Poisson distribution
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input current vector. In order to obtain the maximum dc side
voltage, it is necessary to divide the sectors of input voltage
at the grid side. In each sector, to ensure that the switch tube
with one phase bridge arm is always on, the voltage amplitude
of this phase must be the maximum; while the other two-phase
switch tube is modulated, and its voltage polarity is opposite
to the former and there are intersection points. The relationship
between sector and dc voltage is shown is Table I, shown at the
bottom of next page.

To sum up, he main harmonic components are distributed
around the integer multiples carrier frequency harmonics and
its sideband harmonics under conventional SVPWM, which is
shown in Fig. 4. Only a small amount of the integer multiple
harmonics of the fundamental frequency are contained, which
is the low frequency harmonics.

It is known above that the harmonics contents are mainly
determined by coefficients A,,,, B, carrier frequency w,
and fundamental frequency wq. Therefore, the harmonics can
be suppressed by changing the carrier frequency, reducing the
coefficient, and changing the control strategy.

1. MRA-SVPWM

As described previously, the output load of IMC generates
high-frequency harmonics due to the effect of the inverter
switches under SVPWM. In this section, a Markov chain ran-
dom asymmetrical SVPWM (MRA-SVPWM) technology is
proposed to suppress high-frequency harmonics at the first and
second order carrier frequency.

A. Markov Chain RPWM

The random algorithm is applied to the variable frequency
speed control system. The random frequency can be obtained
by [16]

fs=foEAf-R 9

where f; is the random switching frequency, f; is the fixed
switching frequency, Af’is the random gain, and R is the random
number, which is generated by the linear congruence method

Rni1 = mod2V*(R, x P, + P) (10)

where R,, and R,,;; represent random numbers generated at the
nth and (n + 1)th times, respectively. Ng represents random
number digits, and P; and P are two prime numbers.

In general, in order to show better performance of random
numbers, the number of random numbers would be increased,
which requires longer recursive formulas and periods, so 0, 1, ...,
2Ns-1 These numbers will appear in the full period. Random
number R(o) can take any integer value from 0 to 2N-1, and
the sufficient and necessary conditions for the full period are
that the first initial value P; is in the form of 4K + 1 (K is a
non-negative integer number), and the second initial value Ps is
a mutual prime with 275, Therefore, P; = 29 and Py = 37 are
selected to be implemented in the 16-bit microprocessor. In order
to facilitate application in RPWM strategy and performance
evaluation, random number unit within the range of O~ 1. Here,
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Fig. 7. Distribution diagram, histogram and P-P plot of conventional random number. (a) Distribution diagram. (b) Histogram. (c) P-P plot.
16| 1.0
14 z
12 £08
g £ o
% 10 206 ®
£ £
6 504
B m““&f
4 5 5
202
2| &
0 0.02 0.04 - 0.06 0.08 0.1 0 00 02 0.4 0.6 0.8 1.0 OAOO'O ) o i3 08 10
ime[s] Random number distribution interval Measured cumulative probability
(a (b) ©
Fig. 8.  Distribution diagram, histogram, and P-P plot of Markov chain random numbers. (a) Distribution diagram. (b) Histogram. (c) P-P plot.

P1 =29, P, =37 and Ny = 16 are chosen for random number
generation. The random number generation equation is shown
as follows:

Ruy1 = [mod2'(R, x 29, + 37)]/65535.  (11)

The following paper shows the distribution of 100 random
numbers generated by conventional linear congruence method,
which is used for RSFPWM. There is a tendency for random
numbers generated at successive times to be distributed on
the same side of the mathematical expectation and worse dis-
tribution, which could make the harmonic distribution effect
in the spectrum be poor. So, Markov chain is embedded into
RSFPWM to obtain a better performance for distribution of
random number.

Markov is a typical process with nonaftereffect, which can
be understood as follows: The future state is only related to the
present moment state instead of the past moment state. Define the
transition probability matrix to describe the relationship between
the present state and the next state [26]

Pij(n—m) = Pj(m,n)=P{X, =a; | X, =0a;}

=P{X,=j|Xn=1} 4,j€5 (12)

where P; (m, n) is the transfer probability that the state a; at the
n moment if the state a; at the m moment.

Because of the Markov chain characteristic, the transfer prob-
ability is independent of the departure moment, and is only
related to the states at the departure and arrival moments. When
n-m = 1, P;;(1) is called to the one-step transfer probability,
which is used in this article.

Considering the distribution of random switching frequency,
two states are introduced here: 1) less than the expected switch-
ing frequency (state 1); 2) greater than the expected switching
frequency (state 2). The two-state Markov chain is applied
to RSFPWM, and its transfer process is shown in Fig. 5. P;
=29, P, = 37, and Py = 97, P, = 59 are prime numbers
that generate two sets of random numbers r; and r,. Defining
the generated random number for the transition probability
judgment is 1. And the random number for random switching
frequency is ro. In order to select a more appropriate value of
transfer probability, the performance of Markov chain random
numbers under different P are evaluated. Finally, the transfer
probability Py = 0.8 is selected in this paper. The random
number process generated by two-state Markov chain is shown in
Fig. 6, which requires switching between two groups of random
numbers.

The distribution diagrams and histograms of the 100 random
numbers generated by conventional random numbers and the
Markov chain random numbers are shown in Figs. 7(a) and (b)
and 8(a) and (b). The distribution diagrams takes into account
the influence of process and time on the distribution of random
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Fig. 10. Diagram of asymmetrical SVPWM in sector 1.

numbers, while the histograms do not take into account that and
are intuitive expression of the distribution degree of statistics
data. Therefore, it is necessary to consider the two factors of
time dimension and numbers distribution degree to evaluate per-
formance of random numbers. The theoretical random number
range is 0.0~1.0 and the theoretical mathematical expectation
is 0.5. It can be seen from Figs. 7(a) and 8(a) that Markov
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TABLE III
VECTORS ORDER OF ASYMMETRICAL SVPWM IN ALL SECTORS

Sector Conventional Coqesponding Asymmetrical

SVPWM Bridge Arm SVPWM
1(0<6<60°) 0-4-6-7-7-6-4-0 Sy 0-4-6-7-7-4-6-0
11(60°<6<120°) 0-2-6-7-7-6-2-0 Su 0-2-6-7-7-2-6-0
TM1(120°<6<180°) 0-2-3-7-7-3-2-0 Sw 0-2-3-7-7-2-3-0
IV(180°<6<240°) 0-1-3-7-7-3-1-0 Sy 0-1-3-7-7-1-3-0
V(240°<6<300°) 0-1-5-7-7-5-1-0 Su 0-1-5-7-7-1-5-0
VI(300°<0<360°) 0-4-5-7-7-5-4-0 Sw 0-4-5-7-7-4-5-0

S, 855
48-  48- 4.8- Switching
6kIiz 6kHz 7.2kHz7.2kHz  7.2kHz equency
Conventional Markov chain o A _sypwM >
SVPWM RPWM

Fig. 11.  Schematic diagram of carrier and switching frequency with conven-
tional SVPWM, Markov chain RPWM, and MAR-SVPWM.

TABLE IV
PARAMETERS OF EXPERIMENT

Parameters Values
Input voltage 100 V/50 Hz
Input filter Li=1.42mH; Cy=30 puF
Rated power 3.7kW
Pole pairs 4
Stator resistance 0.93Q
Stator inductance 9.1 mH
Rated speed 1000 r/min

Rotor inertia 0.01225 kg'm?

TABLE V
COMPARISON OF HARMONICS AMPLITUDE WITH DIFFERENT ALGORITHMS

Algorithms 1 kHz 6 kHz

First Second First Second

order order order order
Conventional SVPWM 66 dB 73 dB 50dB 56 dB
RCDPWM 57 dB 70 dB 45dB 54 dB
RSFPWM 61 dB 66 dB 47dB 49 dB
Hybrid PWMofRCD  5¢ 4p 6348 45dB  49dB

and RSF

Markov chain RPWM 57 dB 60 dB 42 dB 45 dB
MRA-SVPWM 53dB 56 dB 39 dB 40 dB

chain random numbers avoid the tendency that random numbers
generated at successive times to be distributed on the same side of
the mathematical expectation. Meanwhile, it can be directly seen
from the Figs. 7(b) and 8(b) that compared with conventional
random, Markov chain random number avoids distribution near
the theoretical mathematical expectation, which corresponds to
the integer multiple switching frequency. It prefers to disperse
harmonics throughout the spectrum, avoiding concentration near
the integer multiple switching frequency

Meanwhile, in order to further verify the distribution and
performance of random numbers. The mathematical expectation
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Fig. 12.  Switching for the proposed MRA-SVPWM showing (a) staircase solution trajectory and (b) resultant switched PWM voltage.
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Fig. 13. Diagram of MRA-SVPWM in IMC-PMSM system.

and deviation degree are calculated through (13) and (14). Fur-
thermore, we used statistical product and service solutions soft-
ware to calculate probability statistics of random numbers. The
inspection method used is One-Sample Kolmogorov—Smirnov
Test. The mathematical expectation in (13), the deviation de-
gree in through (14), asymptotic significance of normal, uni-
form, and Poisson distribution are tested and summarized in
Table IT

BIX] =) piwi (13)

where x; is the value of random numbers and p; is the probability
corresponding to the random number

o, =1 > IF(e:) = Fi) (14)

where F,(x;) is the distribution function to test sequence esti-
mation and F,(x;) is the theory of distribution function.

According to the results of test in Table II, the value of
actual mathematical expectation is 0.526164 of conventional
random numbers and 0.506985 of Markov chain random num-
bers. Compared with conventional random numbers, Markov
chain random numbers are closer to theoretical mathematical
expectations. It is benefit for random number performance.
While ensuring the uniform distribution of switching frequency,
it is closer to the desired frequency. The D’ of conventional
random numbers is 0.215036, and the D’ of Markov chain
random number is 0.262285. This verifies that the range of
random number distribution based on Markov chain is more
widely.

The values of asymptotic significance (Sig.) are 0.169 of con-
ventional random numbers and 0.011 of Markov chain random
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Fig. 15. Input phase voltage and current waveforms.

numbers. If the value of Sig. is greater than the significance
level, which is generally default to 0.05, the null hypothesis is
retained. The data can be considered subject to normal distribu-
tion. Otherwise, the null hypothesis is rejected and not subject
to normal distribution. Hence, conventional random numbers
are subject to normal distribution and Markov chain random
numbers are not subject. Meanwhile, probability-probability
plot (P-P plot) are drawn in Figs. 7(c) and 8(c), which is often
used in probability and statistics discipline to evaluate whether
a variable is subject to a normal distribution. P-P plot is a
scatter plot drawn according to the cumulative probability of
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Fig. 17.  Output line voltage and phase current waveforms.

variables corresponding to the specified theoretical distribution
cumulative probability. The points representing the sample data
should be roughly on the diagonal that represents the theoretical
distribution. It can be seen from Fig. 7(c) that the distribution of
conventional random numbers is distributed around the diagonal
of the theoretical distribution. On the contrary, there are more
Markov chain random numbers deviating from the diagonal in
Fig. 8(c). Further illustrate that Markov chain random numbers
have better distribution.

Similarly, the uniform and Poisson distribution are tested.
The values of asymptotic significance (Sig.) are 0.37, 0.698 in
uniform distribution and 0, O in Poisson distribution of random
numbers based on conventional and Markov chain, respectively.
The significance level is also default to 0.05. It can be concluded
that both of them are subject to uniform distribution but not
Poisson distribution.

In summary, only conventional random numbers are subject
to normal distribution but the Markov chain random numbers
are not. All random numbers are subject to uniform distribution
but not Poisson distribution, and Markov chain random num-
bers have a wide distribution. Therefore, Markov chain random
numbers have better performance in terms of randomness and
distribution.
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B. Asymmetrical SVPWM

Asymmetrical SVPWM can reduce the harmonic amplitude
by increasing the equivalent switching frequency. Meanwhile,
considering the switching state of the rectifier stage, this article
considers the coordinated control of the front and rear stages.
Asymmetrical SVPWM is realized by adjusting the active vec-
tors order within half a cycle of the conventional SVPWM.

Taking the first sector as an example, the switching states and
the vectors order of conventional SVPWM are shown in Fig. 9.
In a carrier cycle, the active vectors order are symmetrical
with respect to the intermediate vectorVr in the preceding
and following half of a carrier cycle. The vectors order are
V(000)—=V4(100)=Ve(110)—=V7(111)=V7(111)—=Vg(110)

Tek Pos: 2.500kHz

JL

® Stop
+

Pos: 2.500kHz

Pos: 2.500kHz

ooooooooo

Phase current FFT using different algorithms of 1 kHz carrier frequency. (a) Conventional SVPWM. (b) RCDPWM. (c) RSFPWM. (d) Hybrid PWM

—V4(100)—Vy(000). The three phase bridge arms of
conventional SVPWM act for 2 times, so the total number
of switching is 6.

The switching states of the asymmetrical SVPWM is
shown in Fig. 10, and the vectors order are Vy(000)—
V4(100)—=Ve(110)—=V7(111)—=V7(111)—V4(100)—Ve(110)
—V(000). Comparing the Figs. 9 and 10, it can be seen
that in the preceding half of a carrier cycle, the switching
order of conventional SVPWM and asymmetrical SVPWM
is same exactly. But in the following half cycle, the vectors
order of conventional SVPWM from Vg—V, is changed to
V4—Ve. The change in switching states is reflected in the
driving pulse. The intermediate phase bridge arm acts for 4
times, and the other two phases bridge arms act for 2 times, so
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the total number of switching within a cycle is 8. Compared
with conventional SVPWM, the total switching frequency of
asymmetrical SVPWM is increased by 33% with the same
carrier frequency, and the switching sequences in other sectors
is shown in Table III.

C. Markov Chain Random Asymmetrical SVPWM

Combining Markov chain RPWM and asymmetrical
SVPWM into MRA-SVPWM technology, and applying it to
the inverter modulation strategy. The proposed algorithm can
suppress the harmonics and ensure the coordinated control
of the rectifier and inverter stage. Markov chain RPWM is
achieved by randomizing the carrier frequency, thus changing
the distribution of harmonics on the spectrum determined by
the carrier frequency. Markov chain random numbers have
been introduced in Section III-A, and the carrier wave with
variable frequency is generated by the random number gen-
eration method, thus, generates three phase PWM pulses.
Asymmetrical SVPWM can be achieved by adjusting the vec-
tors order in the second half-cycle. Markov chain processes
the carrier wave, while asymmetrical SVPWM processes the
signal wave, and the two algorithms are independent and
uncoupled, shown at the bottom of this page.

In order to show the effect of different algorithms on switching
frequency. Fig. 11 shows the carrier frequency and switching
frequency using conventional SVPWM, Markov chain RPWM,
and proposed MRA-SVPWM. When carrier frequency is 6 kHz,
the switching frequency of conventional SVPWM is also 6 kHz.
For Markov chain RPWM, random numbers were added, caus-
ing the carrier frequency to change. The switching frequency
is consistent with the carrier frequency, they vary from 4.8 to
7.2 kHz. Due to increase the equivalent switching frequency by
33% and changing carrier frequency in MRA-SVPWM, com-
paring the carrier frequency of 4.8-7.2 kHz, the actual switching
frequency varies from 6.4 to 9.6 kHz. Hence, the harmonics at
integer multiple carrier frequency would be removed.

Due to changing the active vectors order, the harmonic com-
ponent coefficients of asymmetrical SVPWM would be changed.
The modulated wave and carrier of asymmetrical SVPWM are
similar to the single edge regularly sampled SVPWM technol-
ogy, which can be equivalent to the comparison of the periodic
unit composed of the modulated wave on one side and the
stepped step wave on the other side, as shown in Fig. 12. As
time 7 unfolds, z = wg and y = w, define a straight plane in the y,
z plane with slope wo/w. = 7 (which is the plane of purple color)
carrier ratio (note that both the carrier and fundamental angles
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are assumed to be zero at time 7 = 0, or in other words both f and
0. are zero for this discussion). Intersections of this plane with
the boundary locus between the two switching voltage levels
correspond to the actual switching instant for particular values
of wg and w... The stepping period of the step wave is 27, and the
vertices of the step wave are all on the plane with slope wq/w. =
v (which is the plane of purple color). The equation of the step
wave is 7’ = z + (wp/lw.)y, by replacing z with z’, the regularly
sampled is achieved.

Here, one cycle is an example. In a [-7, 7] cycle, the preceding
half of the cycle is single-edge regularly sampling (red plane). In
the following half of the cycle, the switching function makes the
sampling plane change. The sampling plane originally located
in red becomes purple, and single edge regularly sampling is
still used. Compared to before, the plane’s position changes.
The green plane is a plane with slope wo/w. = 7, the red plane
vertex is at -7, and the purple plane is at 0. After sampling and
projection to the y0z plane, the orange color of the second part
is eliminated. The PWM voltage contains two parts. Part 1 of
bule is defined by (15) shown at the bottom of this page, part 2
of orange is defined by (16) shown at the bottom of this page.

In this article, the frequency control system of IMC-PMSM
is mainly consisted of power grid, rectifier stage, inverter stage,
and load PMSM. In rectifier stage, SVPWM is adopted to sample
the input voltage and calculate the pulse signal to control the
switching states of the rectifier stage, while the inverter stage
adopts the SVPWM. Considering the output load is PMSM,
the double closed-loop control strategy with iq = 0 is used.
Meanwhile, MRA-SVPWM is adopted and embedded into the
IMC-PMSM system. Its control block diagram is shown in
Fig. 13.

IV. EXPERIMENT RESULTS

In order to verify the feasibility of the proposed algorithm
on harmonic suppression. An IMC-PMSM system prototype
platform for engineering applications was built, as shown
in Fig. 14, and the experimental parameters are shown in
Table IV.

A. System Experimental Results and Analysis

Fig. 15 shows the input phase voltage and phase current
waveforms of the IMC-PMSM system. The sinusoidal degree
of the input side waveform is good, verifying that the sys-
tem has a good performance in terms of input power factor.
Fig. 16 is the dc-link voltage waveform. There is no store

3 % ™ Z(M cos z'+ M3 cos 3z'—1) ) L wn
Apn + ]Bkmn = 73/ / / Uimeﬂ(karmer("Z +Ey])dmdydz'
87 -5 J-mJ-m

+

3 5
=78
6

T %(IVICOSZ/Jng cos 3z'+1) ) L wo
/ / Uime](k:w-&-my-l-n[z +Iy])d$dyd2/
—m J0O

3 z ™ Z(M cos z'4+M3 cos 32'+1)
87 -5 J—m J L (M cos(z'—ym)+ Mz cos 3(2'—ym)+1)

5)

Uyl Frtmytnle+ 520D g dyd 2. (16)
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of RSF and RCD. (e) Markov chain RPWM. (f) MRA-SVPWM.

large capacitor in the dc side, so it is the positive pulsat-
ing voltage, which verifies the correctness of the modula-
tion strategy in the rectifier stage. Fig. 17 shows the wave-
form of output line voltage and phase current. It can be seen
that the system exhibits a good performance in terms of the
transmission.

B. Harmonics Comparison of Different Algorithms

To verify the harmonics suppression effect, Figs. 18 and
19 show the phase current fast Fourier transform (FFT) using
different algorithms at 1 kHz and 6 kHz carrier frequency,
respectively. For special industrial applications, PMSM power
usually reaches hundred and thousand kilowatts. In order to
reduce switching losses, it is necessary to run at a low carrier
frequency. Therefore, the lower (1 kHz) and higher (6 kHz)
carrier frequency are chosen for experimental verification in

(d)

® Stop Pos: 12.50kHz
v

Phase current FFT using different algorithms of 6 kHz carrier frequency. (a) Conventional SVPWM. (b) RCDPWM. (c) RSFPWM. (d) Hybrid PWM

this article. (a)—(e) are conventional SVPWM, RCDPWM, RSF-
PWM, hybrid PWM of RSF and RCD, Markov chain RPWM,
and MRA-SVPWM proposed in the article, respectively. The
dashed lines in the figures are the harmonics amplitude of
conventional SVPWM, and the solid lines are the harmonics
amplitude of different algorithms. The harmonics amplitudes
of the first-order and second-order carrier frequencies are also
summarized in Table V.

1) Conventional SVPWM: AsshowninFigs. 18(a)and 19(a),
there are the large harmonics amplitude at the integer multiple
carrier frequency using conventional SVPWM. The lower the
carrier frequency, the greater the harmonics amplitude. The level
of the first-order and second-order carrier frequency harmonics
are 66 dB, 73 dB and 50 dB, 56 dB at 1 kHz and 6 kHz carrier
frequency.

2) RCDPWM: It can be seen from Figs. 18(b) and 19(b)
that RCDPWM could reduce the harmonics amplitude by 9 dB,
3 dB and 5 dB, 2 dB at 1 kHz and 6 kHz carrier frequency.
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It illustrates that RCDPWM could reduce the harmonics ampli-
tude at first-order carrier frequency, while there is no significant
suppression effect on second-order carrier frequency. Moreover,
it has the tendency of harmonics moving to low frequency
direction, which is detrimental to motor control performance.

3) RSFPWM: On the contrary, RSFPWM presents a better
performance in terms of harmonics suppression at the second-
order carrier frequency compared with first-order in Figs. 18(c)
and 19(c). It reduces the harmonics amplitude by 5 dB, 7 dB
and 3 dB, 7 dB at 1 kHz and 6 kHz carrier frequency. Whether
RCDPWM or RSFPWM, the harmonic suppression effect at the
integer multiple carrier frequency is limited.

4) Hybrid PWM of RCD and RSF: The hybrid PWM that
combines the advantages of RCDPWM and RSFPWM is used
shown in Figs. 18(d) and 19(d), which reduces the amplitude of
harmonics by 8 dB, 10 dB and 5 dB, 7 dB at 1 kHz and 6 kHz
carrier frequency. It can be seen that the hybrid algorithm has a
better performance in terms of harmonic suppression comparing
with the single algorithm. However, the suppression of harmonic
amplitude is less than 10 dB. However, due to the addition of
RCDPWM, the low frequency harmonics still increase.

5) Markov chain RPWM: In order to improve the random-
ness of random numbers, Markov chain is used for RSFPWM.
The results of current FFT using Markov chain RPWM are
shown in Figs. 18(e) and 19(e), which reduces the harmonics
amplitude by 9 dB, 13 dB and 8 dB, 11 dB at 1 kHz and 6 kHz
carrier frequency. It verifies that the Markov chain RPWM has a
good effect on harmonic suppression. However, the reductions
of harmonics amplitude at the integer multiple carrier frequency
are also less than 10 dB.

6) MRA-SVPWM: The proposed MRA-SVPWM presents
the best performance on harmonic suppression comparing five
different RPWM algorithms. It can be seen proposed algorithm
reduces the amplitude of harmonics by 13 dB, 16 dB and 11 dB,
16 dB at 1 kHz and 6 kHz carrier frequency from Figs. 18(f)
and 19(f). It achieves the result of above 10 db suppression at all
the integer multiple carrier frequency, which would be useful to
reduce the motor noise. Moreover, it also avoids the increase of
harmonic content at low frequencies like RCDPWM.

The acoustic vibration waveforms of motor case and sole test
points at 1 kHz and 6 kHz carrier frequency were measured using
conventional SVPWM and MRA-SVPWM by a high-precision
vibration sensor shown in Figs. 20 and 21. The red line and num-
bers are amplitude of harmonics at the lower integer multiples
carrier frequency. The blue line and numbers are amplitude and
reduction of harmonics at frequency spectrum above 10 kHz.
It can be seen from the results that proposed algorithm could
reduce above 10 dB motor noise.

V. CONCLUSION

This article proposed a MRA-SVPWM method for high-
frequency harmonics suppression in an IMC-PMSM system.
In this method, Markov chain is embedded into RPWM by
processing carrier wave to improve the random performance,
thus, change the random carrier frequency distribution. Besides,
the switching states are also adjusted by changing the vectors

order to increase the equivalent switching frequency. The har-
monics amplitude around integer multiples carrier frequency are
reduced by proposed method. The experimental results show that
the proposed method can suppress the high-frequency harmonic
amplitude, so that the motor has a lower high-frequency noise.
It can be widely used in industrial and transmission application
where motor noise requirements are strict.
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