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ABSTRACT

The inverter is used as the power supply of modern permanent magnet synchronous motor (PMSM). The inverter may
produce harmonics in inversion process and form harmonic currents in motor stator winding which can lead to factors
against motor smooth operation such as torque fluctuating and winding heating. This article focuses on the harmonic
currents formed in the motor stator winding by getting the harmonics frequency spectrum with software. The effect of

harmonic currents to motor torque is analyzed with the finite element method (FEM).
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1. Introduction

With the development of power electronic technology,
rapid growth of frequency conversion technology was
realized. A new theory of Pulse-Width Modulation (PWM)
was advanced in the 1960s by scientists. The modulation
technique used in communication field was brought into
the application of AC frequency converters. The Sine
Pulse-Width Modulation (SPWM) technique has been
applied in inversion since 1970s, making the performance
of inverter greatly improved and being widely spread [1].

The principle of PWM control is to control the on-off
states of power electronic switches in order to obtain a
series of pulse waves with same amplitude but different
width. The pulse waves are used to replace the required
waves, particularly sine waves [2]. By modulating the
width of pulses according to specific rules, output volt-
age as well as frequency can be changed. This is the ba-
sis of many control strategies [3].

Permanent magnet synchronous motor driven by in-
verter is controlled easily. However, some problems also
come out. Only the wave with approximately expected
but not the exactly same shape can be obtained with PWM.
The harmonics may be generated during the process of
sine wave modulating using carrier wave, accordingly
the performance of PMSM is influenced to some degree.
This article mainly studied the effect of harmonic cur-
rents produced during SPWM modulating on the torque
of motor.
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2. Finite Element M odel of the Motor and
SPWM External Circuit

Finite element method is a good analytic approach which
is widely used in electromagnetic field. The finite ele-
ment model of the PMSM is built in this study. The mo-
tor is a 4-pole motor with rated frequency of 50 Hz, rated
voltage 220 V, rated speed 1500 r/min. The connection
between the motor and SPWM inverter drive circuit is
made through the external circuit software. After voltage
was loaded, results can be obtained through the Fourier
transform of the data. The amplitude, phase angle of mo-
tor harmonic current and other related information are
available as well. And parameter of selected PMSM is
shown in Table 1.

The significance of using finite element software co-
simulation for harmonic analysis is that FEM method has
higher accuracy. Traditional software such as MATLAB
can be used for harmonic analysis, but the accuracy of
the specific parameters of selected motor cannot be gua-
ranteed. Being not able to establish an accurate motor
model, the precise data of the harmonic currents as ones
in specific finite element model cannot be obtained which
will result in errors.

The finite element model of the motor is shown in
Figurel.

The mesh plot of the PMSM is shown in Figure 2.

SPWM three-phase bridge inverter circuit is shown in
Figure 3. 6-pieces IGBTs are used as power switching
devices of full controller bridge.
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Figure 1. Finite element model of permanent magnet syn-
chronous motor.
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Figure 2. Mesh plots of the PMSM.
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Figure 3. SPWM main cir cuit.
Table 1. Parameter of the selected PM SM.
power rating 550 w
rated voltage 220V
rated frequency 50 Hz
rated speed 1500 rpm
rotor poles 4
number of stator slots 24
stator outer diameter 120 mm
rotor outer diameter 74 mm
iron core thickness 65 mm
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The SPWM external circuit is connected. Sine wave is
selected as the modulation wave. Triangle wave is se-
lected as the carrier wave. There are the crossover points
between the modulation wave and carrier wave. The time
of those points decides on-off’s time of the inverter swit-
ches. The pluses with same amplitude and varying widths
are produced [4]. Next several points should be con-
cerned in the establishment of the external circuit.

1) There is a phase difference of 120 degrees between
two phases in modulation wave interaction. The initial
phase angle should be appropriate. The match between
the fundamental wave phase angle and the motor ones
can be ensured during inverting.

2) The ratio of the carrier wave frequency to the mo-
dulation wave frequency should be odd and integer times
of 3. The even harmonics can be eliminated. The positive
and the negative half-cycle waveform are symmetrical.
The three-phase output waveform are strictly symmetri-
cal too.

3) The fundamental wave amplitude and the modula-
tion degree are proportional. The DC side voltage should
be adjustable based on the modulation degree.

4) 2D FEM cannot take into account the effect of end-
winding leakage inductance. It must be considered in
connecting external circuit or the motor model [5]. SPWM
drive circuit is shown in Figure 4.

The finite element model of the motor is input into the
external circuit software [6]. The whole system simula-
tion model is shown in Figure5.

After excitations and simulation parameters of the mo-
del are set, co-simulation is carried out. The relevant data
can be obtained. Phase current waveform is shown in
Figure®.

It can be seen from Figure 6 that harmonics are pro-
duced during the process of inversion. The voltage ap-
plied to the motor is not ideal sine wave excitation.
Therefore there are various harmonic currents in the sta-
tor winding and the current waveform is distorted.

3. Current Harmonic Analysis

Single carrier wave signal is used in the inversion pro-
cess. The output phase voltage of three-phase SPWM in-
verter circuit contains harmonic voltages with angular
frequencies of:

nw, ko, )

where . is the carrier wave angular frequency, o, is the
angular frequency for the modulation wave [7].

n =1,3,5,‘”,k =3(2m—l)il,m =1927"';

6m+1,m=0,1,- 2

n=2,4,6,--- k=
om—-1,m=1,2,---

In this study f. is set at 4050 Hz and f, is 50 Hz. As the

JEMAA



Analysis of Harmonic Current in Permanent Magnet Synchronous Motor and Its Effect on Motor Torque 17

N
riangh/arl
i i 2
fre:=50
EQU
3 4 & FML]
e e 2
& g g
o o = FML2
Figure4. SPWM drivecircuit.
G I ¢ e
VMI )

r-{)*—

(o J MotionSetupl-in MotionSelupl-nuﬁ‘

agE

:_i }:,__( . 'E,I . =
0 NEG3 sC riangularl FML 1
= E==)

il
fre:=50 FML2
NEG2 | SB ma:=0.8

NEGI DSA

Figure 5. Co-simulation model.

carrier wave frequency is much higher than the modula-
tion wave ones, harmonic voltages distribute at high fre-
quencies around nf, [8]. The harmonic currents with the
same frequency in the motor phase winding are produced
due to harmonic phase voltage.

Fourier decomposition of the phase current is applied
to get amplitudes and phase angles of harmonic currents.
Harmonic spectrum is shown in Figure7.

It can be seen from the harmonic spectrum that the
harmonic currents are distributed in the vicinity of 0 Hz,
4050 Hz, 8100 Hz, 12150 Hz, mainly around 0 Hz.
Higher harmonics can be easily filtered. The harmonic
currents which have primary impact on the motor are
mainly around 0 Hz.

No even harmonic current exist in the stator winding
of PMSM. There is a phase difference of 120n degree
between two phases of harmonic currents with the same
frequency in PMSM, as follows:

i =21, sin(not + @, )
i, =~21, sin (not —2nm/3+ ¢, ) ®)
i =~21 sin(net +2nm/3+ ¢, )
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Because star connection is used in PMSM, there is not
a loop for the 3rd, 9th currents. The 3rd, 9th harmonic
currents do not exist in PMSM [9]. The harmonic cur-
rents impacting motors are mainly the 5th, 7th harmonic
currents. The impact of the 5th, 7th harmonic currents on
the motor torque are analyzed below [10].

4. The Effect of Harmonic Current on Motor
Torque

The current in stator winding can be expressed as the
form below:

i, =2l cos(@t)+~21, cos(nat +p,)  (4)

The effect of the amplitude and ¢ of the 5th and 7th
harmonic currents on motor torque are discussed. The
effect of harmonic currents on the PMSM torque in rated
condition are analyzed below.

The amplitude of harmonic currents normally account
for 1% - 15% of the fundamental current amplitude when
the motor is energized with inverter. The amplitude of
low time harmonics increase with the frequency decrease
of inverter.

It can be got that the amplitude of fundamental current
is 2.25 A. The 5th harmonic current is loaded with 0 A,
0.05 A, 0.1 A, 0.15 A, 0.2 A for simulation. The 7th
harmonic current is loaded with 0 A, 0.05 A, 0.1 A, 0.15
A, 0.2 A too. The changing trend curves of torque ripple
with increase of the 5th and 7th harmonic currents is
shown in Figure 8.

It can be found that the range of torque ripple is
1.5466 N-m when fundamental current is loaded only.
The range of torque ripple is increased by harmonic cur-
rents. The range of torque ripple gets larger as the am-
plitude of the 5th or 7th harmonic currents increases. It is
against the steady operation of the motor.

The amplitude of harmonic currents has little effect on
the average torque of PMSM. The changing trend of av-
erage torque as the 5th and 7th harmonic currents in-
crease is shown in Table 2.

Besides the amplitude of harmonic current which have
effect on the motor torque, the ¢ in expression (4) will
also have effect on the motor torque [11]. To analyses
quantitatively the effect of different ¢, the 5th (7th) har-
monic current in stator winding is assumed 0.1 A. The
harmonic current is loaded with fundamental current of
2.25 A together. The interval of ¢ is of 30°. The chang-
ing trend of torque ripple as ¢ is shown in Figure9.

The torque ripple caused by the 5th and 7th harmonic
currents both goes up and down twice in a cycle of ¢.
The motor has a small torque ripple when ¢ is around 0°
and 180°. The motor has a big torque ripple when ¢ is
around 90° and 270°.

The average torque of PMSM in different ¢ can be got
too.
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harmonic times

average torque average torque

E’/’I”)p”’“de Sth Tth
0 36119 36119
0.05 3.6116 36121
0.1 36112 3.6122
0.15 3.6107 36121
0.2 3.6102 3.6122

The change of ¢ of harmonic currents has visibly little
effect on the motor average torque. The average torque is
hardly changed by ¢. And Table 3 lists the average torque
of PMSM with different ¢.

Data such as amplitude and phase angle of these har-
monic currents in rated condition can be got from the
simulation and harmonic analysis above. It is known that
the amplitude of fundamental wave current is 2.25 A.
The amplitudes of Sth and 7th harmonic current are 0.04
A and 0.03 A. Fundamental wave and the 5th, 7th har-
monic currents in rated condition can be loaded using fi-
nite element software as excitation.

When fundamental wave and the 5th, 7th harmonic
currents are being loaded in winding, it is important how
to set the initial phase angles of current excitations cor-
rectly. Otherwise, torque curves will get wrong. The ini-
tial phase angle of current excitation should be the dif-
ference between power factor angle and initial phase
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Table 3. Theaveragetorque of PM SM with different ¢ (N-m).

armonic time average torque
1) Sth

average torque Tth

0° 3.6112 3.6121
30° 3.6121 3.6130
60° 3.6130 3.6136
90° 3.6135 3.6137
120° 3.6136 3.6134
150° 3.6132 3.6127
180° 3.6124 3.6117
210° 3.6116 3.6108
240° 3.6108 3.6101
270° 3.6103 3.6100
300° 3.6102 3.6104
330° 3.6106 3.6112

angle of voltage excitation. The method below is used to
determine the initial phase angle of current excitation.
Take the fundamental wave current for example.

The initial phase angle of voltage excitation is ¢;.
When the motor works in steady state, the phase angle of
current at the integer multiple time of cycle is ¢,. The
phase angle of voltage at that time is ¢;. ¢; — @, is the
power factor angle. It can be drawn that initial phase an-

gle of current excitation is ¢ — (¢, — ¢»). The value is @,.
The phase angles of these harmonic currents at the inte-
ger multiple time of cycle obtained by harmonic analysis
are the initial phase angle of current excitations.

When the fundamental current of 50 Hz is loaded only
the torque curve is shown in Figure 10. It would be con-
venient to compare the torque curve with ones at the
cases of harmonic currents being loaded.

When fundamental current is loaded, average torque of
the motor is 3.6119 N-m. The range of torque ripple is
1.5466 N-m.

When the fundamental current and 5th harmonic cur-
rent are loaded together the torque curve is shown in
Figure1l.

In this case average torque of the motor is 3.6172 N-m.
The range of torque ripple is 1.6569 N-m. It can be found
that the Sth harmonic current has little effect on the mo-
tor average torque. But it causes a big change of torque
ripple.

When the fundamental current and 7th harmonic cur-
rent are loaded together the torque curve is shown in
Figure 12.

The average torque of the motor is 3.6174 N-m. The
range of torque ripple is 1.6183 N-m. It can be found that
the 7th harmonic current has little effect on the motor
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average torque. But it causes an increase on torque rip-
ple.

From the analysis above, it is indicated that the ampli-
tude of the Sth harmonic current is higher than that of the
7th in rated condition of the PMSM. Harmonic currents
can increase the range of torque ripple. Harmonic cur-
rents have little effect on the average torque.

5. Conclusion

The low harmonic currents are mainly the 5th and 7th
harmonic currents in the PMSM driven by inverter. All
these harmonic currents have an effect on the torque of
PMSM. The expansion of torque ripple can be caused.
The torque ripple gets larger as the amplitude of harmo-
nic current gets larger. The range of torque ripple also
changes as @ of harmonic current changes. The harmonic
currents have little effect on the motor average torque. The
conclusion can be drawn that harmonic currents mainly
affect the range of torque ripple of PMSM.
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