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Abstract: At present, the drivers with different control methods are used in most of per-
manent magnet synchronous motors (PMSM). A current outputted by a driver contains
a large number of harmonics that will cause the PMSM torque ripple, winding heating
and rotor temperature rise too large and so on. In this paper, in order to determine the in-
fluence of the current harmonics on the motor performance, different harmonic currents
were injected into the motor armature. Firstly, in order to study the influence of the cur-
rent harmonic on the motor magnetic field, a novel decoupling method of the motor mag-
netic field was proposed. On this basis, the difference of harmonic content in an air gap
magnetic field was studied, and the influence of a harmonic current on the air gap flux
density was obtained. Secondly, by comparing the fluctuation of the motor torque in the
fundamental and different harmonic currents, the influence of harmonic on a motor
torque ripple was determined. Then, the influence of different current harmonics on the
eddy current loss of the motor was compared and analyzed, and the influence of the drive
harmonic on the eddy current loss was obtained. Finally, by using a finite element me-
thod (FEM), the motor temperature distribution with different harmonics was obtained.

Key words: air gap flux density, eddy current loss, harmonic, magnetic field decoupling,
torque ripple

1. Introduction

At present, because PMSM with variable frequency speed regulation has the advantages of
superior starting performance and excellent speed regulation performance, it has been widely
used in industrial production and daily life. However, the drive controller power supply con-
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tains a lot of time harmonic that will affect the air gap flux density, torque ripple, eddy current
loss and so on [1-3]. On one hand, the motor running high-frequency electromagnetic noise is
loud [4], and the motor efficiency is reduced. On the other hand, due to the motor rotor has
difficult heat dissipation, eddy current loss produced by permanent magnet will cause perma-
nent magnet (PM) temperature rise too high [5-7], even partial irreversible demagnetization,
which will seriously influence motor performance and operation reliability [8-9]. So it is signi-
ficant to study the effect of harmonics on the motor performance.

In recent years, there are many experts and scholars who study the power supply of the
driver, and some results have been obtained. Reference [1] proposed an analytical model that
can evaluate the influence factors of current harmonics. Reference [6] represented the magnet
eddy-current loss was mainly produced by the carrier harmonics of the PWM inverter and that
the axial length of the divided magnet should be smaller than the skin depth of the eddy cur-
rents produced by the major harmonics for the loss reduction. Reference [10] proposed har-
monic current suppression control of a PM motor in off coordinates by using repetitive perfect
tracking control with the PWM-hold model. Reference [11] studied the relationship between
converter parameters and harmonic iron loss, and the formula of the iron loss in the power
supply of the inverter was modified. Reference [12] proposed a current filtering strategy
which weakened the 5th and the 7th harmonic currents in the stator. Reference [13] proposed
a novel design for the elimination of radial air-gap flux density harmonics of permanent mag-
net motors. Reference [14] proposed and studied the phase-shifted chaotic space vector mo-
dulation scheme for harmonic performance improvement in paralleled voltage-source inverters
fed permanent magnet synchronous motor drive. Reference [9] focused on the analysis and de-
velopment of low-current harmonics and presented a zero-axis current estimator auxiliary vec-
tor control method to compensate for three multiples of the voltage harmonic. From references
[9, 15 and 16], it is seen that, by injecting harmonic currents, resistive losses in the stator can
be minimized along with the reduction of torque ripple. The harmonic current in the stator
winding is the research object of this paper. The influence of the harmonic current on the per-
formance of PMSM is analyzed, and the influence of the harmonic on air gap flux density,
torque ripple, eddy current loss and temperature of PM is determined.

In the present study, firstly, a two dimensional FEM is established. A novel method of
decoupling the motor magnetic field is presented. The difference of harmonic content in the
air gap magnetic field of the fundamental wave and different order harmonics is studied. By
analyzing, the influence of the harmonic current on the air gap flux density is obtained. Secon-
dly, by comparing the motor torque fluctuation wave of the fundamental current with the
harmonic current of a different order, amplitude and phase angles, the influence of a harmonic
of a different order, amplitude and phase angles on motor torque fluctuation is determined.
Then, the influence of the different current harmonics on the eddy current loss of the motor
rotor is compared and analyzed, and the influence of the drive harmonic of a different order,
amplitude and phase angles on the eddy current loss is obtained. Finally, based on the FEM,
the motor temperature distribution under different harmonic conditions is obtained. In this
paper, the research results lay the foundation for the study of the loss and vibration of the
drive motor, and provide a way to improve the motor performance.
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2. Prototype parameters and harmonic analysis

2.1. Prototype parameters

In this paper, taking a 10 kW, 2000 r/min PMSM as an example, the effect analysis of
a harmonic on the performance of the PMSM is made. The two dimensional (2D) FEM of the
prototype is shown in Fig. 1, and the basic parameters of PMSM are shown in Table 1.

/ Fig. 1. FEM model of the prototype

In order to facilitate the influence study of a harmonic on the motor, the following as-
sumptions are made:
(a) A displacement current and skin effect in the stator windings are ignored.
(b) Materials are isotropic. Permeability and conductivity of the materials are constant
except the stator core and the rotor yoke.
(c) The material permeability and conductivity are constant ignoring the influence of tem-
perature.

Based on the above assumptions, the 2D cross section of the motor perpendicular to axial
direction is selected as the analysis model shown in Fig. 1, and the vector magnetic potential 4
only has z-component. Considering the saturation, the transient 2D electromagnetic field cal-
culation equation would be (1), in which the permanent magnet is simulated by a current
density source [17].
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where: Q is the calculation region, A, and J, represent the magnetic vector potential and the
source current density in the z-axial component respectively, Js is the equivalent current
density of permanent magnets, n is the normal direction of a permanent magnet boundary, G is
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the conductivity, | is the permeability, S; is the Dirichlet boundary conditions, W, and L,
represent the relative permeability, ¢ is the time.

Table 1. Parameters of the model

Parameters Value Unit
Rated power 10 kW
Rated speed 2000 r/min
Pole number 8
Axial length 102 mm
Rotor magnetic circuit structure | surface-mounted type
Stator outer diameter 180 mm
Stator inner diameter 103 mm
Slot number 36
Number of parallel branches 1
Winding connection type Y

2.2. The establishment of harmonic and research method

In order to prevent the PMSM demagnetization caused by armature reaction and to opti-
mize the motor performance, in this paper, the vector control mode i, = 0 is chosen in PMSM
based on the principle of permanent magnet motor control technology.

The synthetic electromotive force in the stator armature winding not only contains the fun-
damental wave but also contains each harmonic. The current in windings is obviously not
sinusoidal. The fundamental wave rotating magnetic field is generated by a fundamental wave
current, and the magnetic field is generated by rotor permanent magnets. The main electro-
magnetic torque is formed by the fundamental wave rotating magnetic field and the magnetic
field. The rotation speed and rotation direction of the synthetic rotating magnetomotive force
generated by the harmonics are different from those of the rotor’s. The speed of the synthetic
rotating magnetomotive force is relatively higher than the rotor speed. The eddy current loss
and magnetic hysteresis loss in the rotor are generated by the synthetic rotating magnetomo-
tive force, which causes a phenomenon in which the rotor temperature rise is higher than that
of the stator. At the same time, the motor efficiency decreases, and the motor vibration and
noise increase [1, 6].

The harmonics affecting the motor are mainly the 5th, 7th, 11th, 13th harmonics. The 5th
7th 11th 13th harmonics are chosen in this paper, for each harmonic, five amplitudes are set,
they are 2%, 4%, 6%, 8% and 10% of the fundamental current amplitude respectively. The
artificial injection harmonic method was adopted and different orders of harmonic currents
and a fundamental current are injected. The superposition of different times of the harmonic
currents and fundamental current were taken as the excitation source of the motor, the in-
fluence of a different order, amplitude and the phase angle of the harmonic current on the
motor performance in the excitation power supply is studied. The input current can be ex-
pressed as Eq. (2):
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I, sin 27 fi)+kl ,sin (2vE fi+ @),
I, sin (27 ft =21/ 3) + ki 5 sin (2VE fi —2VE/3+ @), ()
I, sin 2n ft —21/3)+ kil sin Qv fi +2vi/3+¢,),

where: I, I, Ic are the peak values of the current 4, current B, current C respectively. k is the
ratio of the harmonic amplitude of the fundamental amplitude. v is the harmonic order. @, is
the harmonic initial phase.

3. The influence of harmonic current on air gap magnetic field

3.1. Analysis of air gap magnetic field

During the motor normal operation, because of the non-sine stator armature current wave-
form and stator slot, the wave of the magnetomotive force is non-sine, which causes a lot of
space and time harmonic magnetic fields in the air gap magnetic field. The time harmonic
magnetic field is the spatial fundamental magnetic field generated by the harmonic exciting
current, and the motor air gap main magnetic field consists of the time harmonic magnetic
field and the fundamental magnetic field. The direction of the K-th (K=6n—-1,n=1,2,3...)
time harmonic magnetic field is reversed to the direction of the fundamental magnetic field
and the speed is K times of the fundamental magnetic field. The direction of the K-th
(K=6n+ 1, n=1,2,3...) time harmonic magnetic field is the same as the direction of the
fundamental magnetic field and the speed is also K times of the fundamental magnetic field.
Therefore, the eddy current is generated in rotor permanent magnets and in a sleeve. Finally,
the eddy current loss increases [1, 4].

3.2. Air gap magnetic field decoupling method

According to the electrical machine theory, during the motor operation, the air gap mag-
netomotive force includes the stator current harmonic magnetomotive force and the equivalent
magnetomotive force of the rotor permanent magnets [18]. The space harmonic magnetic field
is produced by permanent magnets, and it rotates synchronously with the rotor. The eddy cur-
rent cannot be induced by these harmonics, and eddy current loss cannot be produce. There-
fore, the harmonics produced by the stator armature winding just induce the eddy current in
the rotor.

The harmonic current generates a large amount of the eddy current loss in the rotor. The
time and space harmonics are the main reasons which cause the eddy current loss [19]. The
motor air gap magnetic field is composed of the magnetic field generated by a stator current
and that is generated by permanent magnets. A motor magnetic field decoupling method was
proposed, which separated the magnetic field generated by the stator current from the motor
air gap magnetic field. The influence of the high harmonic content of the stator armature
current on the motor air gap magnetic field is analyzed, and the influence of the stator arma-
ture current on the air gap flux density is obtained.
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An air gap magnetic field decoupling method and procedure are as follows:

(1) Three phase stator armature currents are extracted when the motor operates under the
rated condition.

(2) The three-phase stator armature currents are decomposed by FFT and the amplitude and
phase of each harmonic wave are determined.

(3) The mixed current of the fundamental current and the ideal harmonic is used as the exci-
tation to the stator armature.

(4) The permanent magnets are demagnetized completely and driven motor rotation at the
rated speed.

Fig. 2 shows the air gap flux density waveforms under different motor operating condi-
tions. Curvel is the air gap flux density waveform at no-load operation, curve2 is the air gap
flux density waveform at rated load operation, and curve3 is the air gap flux density wave-
forms generated by the stator current after the air gap magnetic field decoupling. Actually, due
to the influence of armature reaction, the armature field should act in the g-axis, and the
synthetic magnetic field under load operation lags behind the magnetic field under no-load
operation 20 deg. In order to facilitate the contrast analysis, the phase difference of the syn-
thetic magnetic field is artificially adjusted to the same phase.

No—Loaﬂ cperation (curve 1)
Rated operation (curve 2

Fig. 2. The motor air gap flux density waveform
under different operation conditions
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When the harmonic order changes only, the influence of harmonic order variation on the
motor electromagnetic field is studied. The fundamental current and the 5th, 7th, 11th, 13th
harmonics whose amplitude is 10% of the fundamental current are injected through the me-
thod of artificial injection. The influence of the stator armature currents on the harmonic con-
tent of the air gap magnetic field in the motor is studied after the air gap magnetic field
decoupling. The air gap magnetic field is only generated by the stator armature current. By
using the FFT method, the air gap magnetic field of the fundamental current and each har-
monic is decomposed respectively, and the harmonic content of the air gap magnetic field is
shown in Fig. 3.

The content of the 5th, 7th, 11th and 13th harmonics in the air gap magnetic field is higher
than that of others obviously. It can be concluded that the eddy current loss of the motor rotor
is mainly caused by the 5th, 7th, 11th, and 13th harmonic currents.

Taking the air gap flux density harmonic content in the fundamental current as a reference
value, when the 5th and 11th harmonic currents are input into the stator armature windings,
the magnetic field content of the motor air gap fundamental wave decreases; when the 7th and
13th harmonic currents are input into the stator armature windings, the motor air gap funda-
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mental wave magnetic field content increases. The maximum air gap magnetic density value
caused by the 5th and 11th harmonic becomes smaller, the average value increases. The air
gap flux density maximum value caused by the 7th and 13th harmonic becomes large, and the
average value decreases.

o
=)
s}

B w —

025§
= Fundamental
. L = Fundamental+the 5th harmonic
= 0.2 Fundamental+the 7th harmenic
Py = Fundamental+the 11th harmonic
g 0.15- = Fundamental+the 13th harmonic
= Fig. 3. The air gap magnetic flux harmonic
§: ’ in the fundamental and harmonic current
13

o

5 T 9 1 13
Harmonic order

4. The influence of harmonic current on torque

A torque ripple factor and the average torque are two important parameters which could
determine the stability of a permanent magnet motor. On the basis of the fundamental current,
the different order harmonics with different amplitudes and phases were injected into the motor
armature windings by the method of artificial injection and the influence of the harmonic current
of different orders and amplitudes on the motor torque ripple and the average torque is analyzed.

4.1. Effect of harmonic current amplitude on torque

Due to the fact that the input voltage and current contain a lot of harmonic components, the
harmonics of different order affects the motor torque ripple to a different degree. For the
three-phase PMSM, when Y-type connection is adopted in the stator windings, the 3K-th
(K=1,2,3...) harmonics of the motor phase current are eliminated, so the influence of the
3K-th (K=1,2,3...) harmonics on the motor performance is not considered and only the
effect of the 5th, 7th, 11th and 13th harmonics on the motor performance are considered [20].

In the research of the PMSM torque ripple, the torque ripple coefficient is usually used to
measure the motor stability. Eq. (3) is the torque ripple formula.

Z (T; max ™ Liav

)Z +Z(T;'av _T;'min)2
i=1 i=1

8= — (3)
pI
i=1

where: 6 is the torque ripple coefficient. 7jmax and 7T;min are the maximum and minimum

n

values of the torque ripple in the i-th cycle. T 4y is the torque average value in the i-th cycle, n
is the number of computation cycles.

Under the motor rated operating condition, the fluctuation curve of the motor output torque
is shown in Fig. 4a. The periodic fluctuations of the torque ripple curve appeared. The opera-
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tion cycle of the motor is 7.5 ms. The average torque of the motor is 47.6 N-m. The maximum
torque is 49.5 N-m and the minimum torque is 45.6 N-m. The motor torque fluctuation range is
3.9 N'm and the torque ripple coefficient is 5.75%.
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Fig. 4. The motor torque fluctuation curve under different situation: torque fluctuation curve at rated
operation (a); torque fluctuation curve under fundamental current (b)

Firstly, in order to study the harmonic current influence on motor performance, a funda-
mental current of 133 Hz is injected into the armature windings, and the motor torque curve is
shown in Fig. 4b. The data are regarded as the reference and are compared with other con-
ditions when the harmonic current order is different.

When the fundamental current is injected into the stator armature windings, the average
torque of the motor is 47.7 N'm, the maximum torque is 49.4 N-m and the minimum torque is
45.7 N-m. The motor torque fluctuation range is 3.7 N-m under stable conditions. The torque
ripple coefficient is 5.63%.

On the basis of the fundamental wave current, the influence of the 5th harmonic current
with different amplitudes on the motor torque fluctuation curve is studied by the method of
artificial injection. As soon as the harmonic amplitude changes, the influence of harmonic
amplitude variation on the output torque is studied. The 5th harmonic amplitudes are 0%, 2%,
4%, 6%, 8% and 10% of the fundamental current amplitude respectively. The motor torque
fluctuation curve with different amplitude harmonic is shown in Fig. 5.

55

—0A —0.55A | 1.11A

5=5.63% 5=6.42% 5=7.82%
g 50 7 ]
5 Fig. 5. The torque curve under fundamental
g y wave and the 5th harmonic currents with
e \ different amplitudes
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As is shown in Fig. 5, on the basis of the fundamental wave current, the larger the ampli-
tude of the 5th harmonic current is, the larger the range of the motor torque fluctuation is, the
higher the torque ripple coefficient of the motor is, the worse the stability of the motor is.
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Fig. 6. The influence of the harmonic cur-
rent with different amplitude on the motor
torque ripple
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The influences of a different order harmonics on the motor torque ripple are shown in
Fig. 6. The fundamental current and different order harmonics current of different amplitudes
are injected into the motor stator armature windings respectively.

On the basis of the fundamental wave current, the motor torque fluctuation range is
44 Nm, 5.8 N'm, 7.4 N'm, 9.3 N'-m and 11.2 N-m when the 7th harmonic current is loaded
and the amplitudes are 2%, 4%, 6%, 8%, 10% of the fundamental wave. The torque ripple
coefficient is 6.56%, 8.6%, 11.08%, 13.95%, 16.74% respectively. The fluctuation range of
the motor torque increases with the increase of the harmonic amplitude.

After analyzing the influence of different order harmonic currents on the motor torque, the
following conclusions could be concluded. The motor average torque is not affected by the
harmonic currents of different amplitudes. However, with the increase of the harmonic current
amplitude, the bigger the range of the motor torque fluctuation is and the higher the torque
ripple coefficient of the motor is, the worse the stability of the motor is.

4.2. The influence of harmonic current phase angle on torque

Not only will the amplitude of the harmonic current affect the PMSM torque performance,
but also the phase angle difference between the harmonic current and fundamental current will
affect the motor average torque and torque ripple.

As soon as the harmonic initial phase changes, the influence of harmonic phase variation
on the output torque is studied. When analyzing the influence of harmonic phase, the funda-
mental phase does not shift. As the current expression shows, the harmonic magnetic field
generated by the harmonic current of the same order also shifts when the harmonic current
initial phase is shifts from 0 deg to 360 deg. The fundamental current and the 5th harmonic
current whose amplitude is 10% of the fundamental current are injected into the motor arma-
ture windings. The harmonic initial phase angle changes from 0 deg to 360 deg. The step
length is 15 deg. Finally, the average torque and torque ripple coefficient with the change of
a harmonic current phase are obtained as shown in Fig. 7.

From Fig. 7, it could be found that when the initial phase @, of the Sth harmonic current
increases from 15 deg to 75 deg gradually, the motor torque pulsating coefficient increases
from 15.35% to 18.72% gradually. When the initial phase @, increases from 75 deg to
165 deg, the motor pulsating coefficient has a downward trend from 18.72% to 11.95%. When
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the initial phase @, increases from 210 deg to 255 deg, the torque ripple coefficient decreases.
When the initial phase @, increases from 255 deg to 345 deg, the motor torque ripple
coefficient increases from 8.79% to 15.77% gradually.
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When the 5th harmonic current initial phase @ is 75 deg, the motor torque fluctuation
range is maximum and the value is 12.6 N'm, and the motor ripple coefficient is 18.72%.
When the initial phase @, is 255 deg, the motor torque ripple range is minimum and the value
is 5.9 N'm. The torque pulsation coefficient is 8.79%.

The average torque fluctuation curve changes according to sinusoidal law. The average
torque reaches a maximum value of 47.68 N-m when the 5th harmonic initial phase @, is
120 deg. The average torque reaches a maximum value of 47.47 N-m when the 5th harmonic
current initial phase @y is 300 deg.
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Not only does the armature current contain the Sth harmonic, but also contains the 7th,
11th and 13th harmonics. The fundamental current and each harmonic current with 10% of the
fundamental current amplitude are injected into the motor armature windings. Fig. 8 shows the
torque pulsating changes of different harmonic currents of a different initial phase @,.

As shown in Fig. 8, when the 5th, 7th, 11th and 13th harmonic initial phase ¢, change
within 360 deg, the variation range of the motor torque pulsation coefficient is 8.9%, 9%,
2.1%, 1.9% respectively. The change of the torque fluctuating range caused by the 5th and 7th
harmonic currents is larger than that caused by the 11th and 13th harmonic currents with the
change of the initial phase.
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The initial phase @, change not only affects the motor torque pulsation, but also affects the
motor average torque. Fig. 9 shows the variation of the motor average torque when each har-
monic current initial phase @y changes within 360 deg.

Fig. 9. The influence of harmonic

o the 11th harmonic ~ 0.14N.m initial phase @, on average torque
5474 i ;
4 e 13th harmonic
< 473 | | | | | | | | |
S0 e M3 12 23 56 1

Harmonic and fundamental phase
angle difference (cycle)

With the change of the initial phase @y of the Sth, 7th, 11th and 13th harmonic currents the
fluctuation ranges of the motor average torque are 0.21 N'-m, 0.2 N'm, 0.14 N'm, 0.09 N-m
respectively. When the 5th and 7th harmonic currents flow, the motor average torque is larger
than that when the 11th and 13th harmonic currents flow.

5. Influence of harmonic current on eddy current loss
and permanent magnet temperature

5.1. Effect of harmonic current amplitude on eddy current loss and temperature rise
of permanent magnets

A low order harmonic magnetic field not only generates an eddy current in the sleeve, but
also generates a large eddy current in the rotor permanent magnets. When the motor operates
under loaded condition, a lot of eddy currents will be generated on the sleeve surface, which
will cause additional eddy current loss and hysteresis loss. The motor rotor iron loss increases
with the increase of frequency, harmonic will cause the motor iron loss to increase rapidly.

In this paper, the eddy current loss of the rotor caused by a harmonic current is studied by
the method of artificial injection harmonic current with different amplitude. As shown in
Fig. 10a, the maximum value of motor eddy current density under the action of an ideal
fundamental current is 1.61x10° A/m”. The eddy current loss of the permanent magnets and
the sleeve is 10.1 W. When the fundamental current and the 13th harmonic current whose
amplitude is 10% of the fundamental current are injected into the motor armature windings,
due to the impact of the harmonic magnetomotive force, an eddy current was formed on the
rotor surface. As shown in Fig. 10b the maximum value of the motor eddy current density is
3.24x10° A/m’.

Based on the FEM, a 2D motor temperature field model is built. In order to simplify the
analysis and calculation of the temperature field, the following assumptions are proposed [21]:

1) The motor is continuous along the axial direction, and the axial temperature gradient is
Zero.
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2) Material is isotropic; the influence of temperature on thermal conductivity is ignored.

J(10°A/M?) J(10°A/m?)
I -
B e LI
0.48 113 [
0.11 0.42
B 0 L P
064 098
.01 169
s s
Bl [ T

(b)

Fig. 10. The motor rotor eddy current density distribution: under the action of fundamental current (a);
under the fundamental and the 13th harmonic current (b)

Based on the above assumptions, the 2D model could be established adopting the FEM.
The heat transfer equation can be expressed as Eq. (4):

23, 20), 22, 21
ox\ “ox) oyl Yoy v
oT

kg =0L(T—Tf)

“4)

where: T'is the body temperature, A, and A, represent the thermal conductivity along the direc-
tions x and y, g, is the heat generation density, the stator outer surface is the air natural
convection heat dissipation, the third boundary condition is given as I" (the stator outer circle
boundary), o is the heat transfer coefficient, 7 is the temperature of the circumstance.

The ideal harmonic is injected by the method of artificial injection, the influence of har-
monic frequency, amplitude and the phase angle on a motor temperature field is studied.
Fig. 11a shows the motor temperature field distribution under the action of an ideal funda-
mental current. Fig. 11b shows the motor temperature field distribution under the action of the
fundamental current and the 13th harmonic current whose amplitude is 10% of the funda-
mental current.

As shown in Fig. 11, when the ideal fundamental wave current is injected into the motor
winding, the motor winding temperature is 81.7°C and rotor permanent magnet temperature is
78.9°C. When the fundamental current and the 13th harmonic current whose amplitude is 10%
of the fundamental current are injected into the motor armature windings, the motor winding
temperature is 94°C and rotor permanent magnet temperature is 128.1°C. Based on the above
analysis method, the motor eddy current loss and the permanent magnet temperature distri-
bution under different amplitudes of each harmonic are studied. As shown in Fig. 12, the
change of the motor eddy current loss and the temperature increasing trend of the permanent
magnet are studied under the fundamental current and the 5th ,7th, 11th and 13th harmonic
current whose amplitude is 2%, 4%, 6%, 8% and 10% of the fundamental current respectively.
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Fig. 11. The motor temperature distribution: under the action of fundamental current (a);

under the fundamental and the 13th harmonic current (b)
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In general, the higher order harmonics causes the larger rotor eddy current loss and the
higher temperature rise of permanent magnets when the amplitude of the harmonic current is
constant. As shown in Fig. 12, when the amplitude of each harmonic current is 2.8 A, the rotor
eddy current loss generated by the Sth harmonic current is 44.8 W, the temperature of the rotor
permanent magnets is increased by 23.7°C, and the permanent magnet temperature is 1.3
times of the permanent magnet temperature when the fundamental current is injected. The
rotor eddy current loss generated by the 13th harmonic current is 82 W.

In addition, with the increase of the harmonic amplitude, the eddy current loss of the rotor
increases, and the temperature rise of the permanent magnets also increases. When the am-
plitude of the 11th harmonic current is 0.6 A, 1.1 A, 1.7 A, 2.2 A and 2.8 A respectively, the
corresponding eddy current losses are 12.7 W, 20.8 W, 34.6 W, 54 W and 79 W, the tem-
perature rise of the rotor permanent magnets is 2.28%, 9.38%, 21.29%, 38.15% and 59.7% of
the permanent magnet temperature when the fundamental current is injected.

However, the increase of the loss caused by the high order harmonic current is signify-
cantly higher than the increase of the loss caused by the lower harmonic current. When the
amplitude of the harmonic current is 2.8 A, the eddy current loss caused by the Sth harmonic
current increases by 3.44 times compared with that caused by the fundamental current, and the
eddy current loss caused by the 13th current harmonic increases by 7.12 times compared with
that caused by the fundamental current.
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5.2. The influence of harmonic current phase angle on the eddy current loss and
permanent magnets temperature

The harmonic amplitude affects the motor eddy current loss, in addition, the harmonic ini-
tial phase is also one of the key factors affecting the motor eddy current loss. The Sth, 7th,
11th and 13th harmonic currents whose amplitudes are 10% of the fundamental current are
adopted. The rotor eddy current loss and the permanent magnet temperature rise are studied
when harmonic initial phase ¢, changes within 360 deg. The results are shown in Fig. 13.
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As shown in Fig. 13, the variation regular of the eddy current loss generated by the Sth,
7th, 11th and 13th harmonic current is sinusoidal with the change of the phase angle. The
motor eddy current loss generated by the 5th harmonic current reaches a minimum value of
38.5 W when the 5th harmonic initial phase @, is 270 deg, and the temperature of the per-
manent magnets is 98.4°C. The motor eddy current loss reaches a maximum value of 45.9 W
when the 5th harmonic initial phase @y is 90 deg, and the temperature of the permanent
magnets is 103.4°C. The eddy current loss is increased by 19.2%, and the temperature rise of
the permanent magnets is 5°C, which is increased by 5.1%.

The motor eddy current loss reaches a minimum value of 39 W when the 7th harmonic
initial phase @, is 60 deg, and the temperature of the permanent magnets is 98.8°C. The motor
eddy current loss reaches a maximum value of 45.8 W when the 7th harmonic initial phase @,
is 240 deg, and the temperature of the permanent magnets is 103.5°C. The eddy current loss is
increased by 17.4%, and the temperature rise of the permanent magnets is 4.7°C, which is
increased by 4.8%.

The motor eddy current loss reaches a minimum value of 78 W when the 11th harmonic
initial phase @, is 30 deg, and the temperature of the permanent magnets is 125.3°C. The
motor eddy current loss reaches a maximum value of 83.2 W when the 11th harmonic initial
phase @, is 210 deg, and the temperature of the permanent magnets is 128.7°C. The eddy
current loss is increased by 6.7%, and the temperature rise of the permanent magnets is 3.4°C,
which is increased by 2.7%.

The motor eddy current loss reaches a minimum value of 78.1 W when the 13th harmonic
initial phase @, is 210 deg, and the temperature of the permanent magnets is 125.6°C. The
motor eddy current loss reaches a maximum value of 82 W when the 13th harmonic initial
phase @, is 30 deg, and the temperature of the permanent magnets is 128.1°C. The eddy
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current loss is increased by 5%, and the temperature rise of the permanent magnets is 2.5°C,
which is increased by 2%.

6. Experimental study

In order to verify the correctness of the electromagnetic field and temperature field model,
the experimental test of the prototype is carried out. The test system consists of a Magtrol
dynamometer machine, YOKOGAWA power analyzer, industrial condensing unit, DSP data
acquisition system, PMSM and other equipment. The experimental platform of the prototype
is shown in Fig. 14. Test data and calculation data of the PMSM current are shown in Table 2
when the motor operates at different load conditions.

Industrial pe  MXO0 Atk ctrol 10kW 7%
= condepsnng s e frequency dynamometer ~ permanent 68
- unit. t i magnet motor | 64
a ! [
56
48
44
40
YO¥ 36
acquisition power 32

system analyzer . D

Fig. 14. Test platform of the prototype

In the experimental study, the temperature rise of the PMSM is tested at the rated load
(10 kW) for a long time. The infrared thermal imager is adopted to obtain the temperature
distribution of the motor outside surface as shown in Fig. 14.

Table 2. Test data and calculation results of PMSM at different conditions

Torque Experimental current | Simulation current | Change rate
25 N'm 10.62 A 1023 A 3.8%
36.4 N'm 153A 154 A 0.6%
47.7 N'm 194 A 19.8 A 2%

Through the comparison of the above data analysis, it can be noticed that the experimental
current values are basically consistent with the simulation current values when the permanent
magnet motor operates under different loads, and the deviation is less than 5%, which cor-
responds with the practical requirements of the project.

The motor cooling system is shown in Fig. 15. The motor uses fan and ventilating ducts to
accelerate the heat dissipation. It can be seen that the motor surface temperature increases
from the inlet to the outlet of the cooling medium (air). The heat amount transferred by the
cooling medium decreases with the increase of the temperature. In addition, at the end of the
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ventilation system, the wind speed will be significantly reduced, so the hottest area is located
at the end of the ventilation system.

Fig. 15. The motor cooling system

Ventilating ducts

Because the heat source in the motor interior larger and the heat dissipation structure is
complex, only the surface temperature of the motor casing is measured. The laboratory en-
vironment temperature is 25°C. From the temperature measured by infrared thermal imager, it
can be found that the maximum surface temperature of the motor shell is 71.8°C and the finite
element result is 69.6°C. The deviation rate is just 3.2%, which is within the allowable devia-
tion range in engineering.

7. Conclusions

In this paper, using the finite element method, the influences of the 5th, 7th, 11th and 13th
harmonic currents with different amplitudes on the air gap magnetic field, torque ripple, eddy
current loss and temperature field of PMSM are analyzed, the following conclusions can be
obtained:

1)

2)

)

When the 5th, 11th harmonic currents were input into the stator armature windings, the
motor air gap fundamental wave magnetic field content decreases; when the 7th and 13th
harmonic currents were input into the stator armature windings, the motor air gap funda-
mental wave magnetic field content increases. The air gap magnetic density maximum
value caused by the 5th and 11th harmonics becomes small, and the average value in-
creases. The air gap flux density maximum value caused by the 7th and 13th harmonics
becomes large, and the average value decreases.

The motor average torque is not affected by the harmonic currents with different
amplitudes. However, with the increase of the harmonic current amplitude, the range of
the motor torque fluctuation is bigger, the higher the torque ripple coefficient of the
motor is, the worse the motor stability is. When the harmonic initial phase changes
within 360 deg, the change of the torque ripple coefficient and the average torque ripple
range caused by the lower order harmonic is larger than that caused by the higher order
harmonic.

With the same amplitude of the harmonic current, the higher the harmonic order is, the
greater the eddy current loss is, and the higher the temperature rise of the permanent
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magnets is. In addition, with the increase of the harmonic amplitude, the eddy current
loss of the rotor increases, and the permanent magnets temperature rise also increases.
However, the increase of the loss caused by the higher order harmonics is significantly
higher than that caused by the lower order harmonics. The variation regularity of the
eddy current loss caused by each harmonic and the temperature rise of the permanent
magnet is sinusoidal with the change of the harmonic initial phase. When the harmonic
initial phase changes within 360 deg, the change of the eddy current loss and permanent
magnet temperature rise caused by the lower order harmonic is larger than that caused by
the lower order harmonic.
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