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ABSTRACT This paper presents inductance characteristics analysis of the consequent-pole permanent
magnet in-wheel motor (CPM). Considering the specialty of consequent-pole structure, this paper analyzes
the change rule of the winding self-inductance via equivalent magnetic circuit method (EMCM). The
corresponding equivalent resistance is directly given when the rotor is in different positions. Based on this,
equivalent magnetic circuit (EMC) that reflects the inductance of the CPM is summarized in this paper.
In order to analyze the difference and connection of the inductance among the CPM, two models with 36 slots
32 poles and 48 slots 40 poles are established and compared. Moreover, the Fourier analysis expression of
winding self-inductance is deduced to prove the different periodicities of winding self-inductance between
two motors. The experimental result is consistent with the theoretical analysis, and the conclusion effectively
proves the close relationship between the inductance characteristics and its internal structure of the motor.

INDEX TERMS Consequent-pole, equivalent magnetic circuit method (EMCM), self-inductance,

periodicity.

I. INTRODUCTION
In recent years, in-wheel motors have been increasingly used
in electric vehicles (EV) which are characterized with simpli-
fying the complex chassis structure, improving the space and
energy utilization [1]-[3]. Any type of motors can be made
into in-wheel structure, but in contrast, most in-wheel motors
use a permanent magnet synchronous motor (PMSM) broadly
due to its advantages of high efficiency, high torque density,
low torque ripple, and good fault tolerance [4]-[6].
Considering the advantages of direct-drive applications,
manufacturing, maintenance and easy installation, the outer
rotor with the surface mounted permanent magnet (PM)
has been applied into the in-wheel motor. This structure
not only consumes more PM materials, but also is poor
in field-weakening capacity. However, the PM of common
salient-pole motor is designed into ‘—’-shape and “V’-shape,
which can affect the structural strength of the outer rotor. The
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outer rotor of salient-pole motor with the ‘—’-shape PM is
relatively thin so it is difficult to form g-axis magnetic circuit
with a large inductance, the PM in ‘V’-shape is restricted
in practical application due to the limit of greater radial
length. Under the circumstances, design and placement of
PM should be comprehensively considered in order to obtain
better motor performance especially reflect in output torque
related to motor size and weight and the requirements of the
high torque density of the motor [7], [8].

In order to solve these problems, the consequent-pole per-
manent magnet in-wheel motor (CPM) for EV applications
is proposed [9]-[11]. The PM is magnetized radially and uni-
formly arranged in the middle of the iron pole, the iron is mag-
netized to the S-pole (N-pole) because magnetic flux-lines
circulate between the iron poles and PM, and the PM is
magnetized to the N-pole (S-pole) so this kind of motor is
called CPM [12], [13]. Compared with traditional PM in-
wheel motors, the CPM effectively reduces the cost and
broadens the adjustable speed range [14]. CPM with a con-
centrated winding is conducive to low cogging torque and
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enables a significant increase of the inductance to facilitate
constant power operation over a wide speed range by flux
weakening control [15].

At present, scholars have done a lot of research work on
the consequent-pole structure of bearingless permanent mag-
net motors [16]-[19], but few research work is focused on
consequent-pole PMSM. For this reason, research of CPM is
necessary and significant. The most prominent performance
of the CPM is the flux-weakening capability, and the winding
inductance is a key parameter for the flux-weakening capabil-
ity and can affect the output torque significantly [20]. Hence,
the analysis on the characteristic of the winding inductance
is very important for the CPM. To analyze the inductance
characteristic of the CPM, the essential method is to combine
with the internal structure and this is significant to guide
the design of the motor. In the initial design of the motor,
if the inductance that meets the performance requirements
of the motor can be taken into account, the performance of
the CPM can be effectively improved and problems will be
reduced in the later use of the motor. In addition, the research
on inductance can enhance control precision and improve
control method. From this perspective, the analysis of the
inductance is significant and essential.

The research methods of inductance mainly include the
equivalent magnetic circuit method (EMCM), the finite
element method (FEM) [21]-[25] and the experimental
method [21], [26]-[29]. The EMCM is generally obtained
from the magnetic flux-lines distribution analyzed by FEM,
and the complexity of the equivalent magnetic circuit (EMC)
will change with different operating conditions and consider-
ation factors. Due to the particularity of the consequent-pole
structure, the equivalent air gap distribution of the CPM is
uneven and the resistance of the air gap changes with the
rotor position changing. This condition causes the EMC of
the CPM to become complicated and different from others,
hence analysis in the CPM should be reconsidered. Based on
the complex structure of the motor, the FEM is usually time-
consuming. Although it can directly offer the results, it cannot
demonstrate the relationship between the motor inductance
characteristic and the internal structure. The experimental
method can get the required data by creating external con-
ditions, but it still can’t figure out the internal mechanism
of the CPM. This makes it a difficult and important point to
study the inductance from the internal structure of the CPM.
Based on the analyzed above, the inductance of the CPM is
necessary to be studied from its internal structure.

In this paper, two models with different slot-pole num-
bers matching are established and compared. Focusing on
the internal structure of the CPM, the characteristic of the
inductance are studied by FEM and EMCM. Furthermore,
EMC suitable for the structure of the CPM is established with
the change of the rotor position. In order to explain the reason
for the inductance showing different periodicities between
two motors, the connections and differences about the internal
structures are illustrated. Finally, the experimental result and
theoretical analysis are consistent.
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Il. COMPARISON BETWEEN THE CONVENTIONAL
IN-WHEEL MOTOR AND CPM

The structures of the conventional direct-drive permanent
magnet in-wheel motor and consequent-pole permanent mag-
net in-wheel motor are shown in Fig. 1. Two models both
consist of a stator and a rotor, the stator is composed of iron
core and windings, the rotor is composed of iron core and
permanent magnetic steel. The stator is located inside the
rotor, and the permanent magnet steel is placed inside the
rotor to achieve direct-drive in-wheel applications [30].

/ Rotor \

Permanent
magnets

Stator
(a) (b)
FIGURE 1. The structures of the conventional direct-drive permanent

magnet in-wheel motor and consequent-pole permanent magnet
in-wheel motor.

Compare Fig. 1 (a) with (b), polarity of the permanent
magnet steel in Fig. 1 (a) is alternately distributed in N-S-N
manner. Because the number of permanent magnetic steel
for the consequent-pole permanent magnet in-wheel motor
in Fig. 1 (b) is reduced by half and the magnetic steel is
replaced with silicon steel, the rest of the magnetic steel is
distributed in an N-N or S-S manner [31]. Under this cir-
cumstance, the silicon steel teeth produce a magnetic pole
which is contrary to the polarity of permanent magnetic steel,
hence the basic polarity requirements of motor operation can
be met. At the same time, it causes the unevenness of the
equivalent air gap, in order to satisfy the requirement of air
gap, the volume of magnetic steel must be increased. As a
result, the EMC of conventional in-wheel motors is mainly
composed of magnetic steel and air gap, while the EMC of
the CPM is alternating between magnetic steel and silicon
steel. The resistance distribution and the equivalent resistance
are constantly changing as the rotor rotates, which causes the
variation of the inductance. This situation makes it difficult
to analyze the inductance of the CPM. Therefore, the con-
ventional EMCM is not suitable for the CPM, but inductance
of the CPM also follows a certain rule. In order to promote
the optimization and application of the CPM, it is necessary
to analyze its inductance rules from its internal structure.

IIl. MODELING OF THE CPM

In order to analyze the inductance related to its internal
structure of the CPM, two models with different slot-pole
numbers matching are established in Fig. 2. Both types of
motors are distributed by a concentrated winding. Because
of the 3-phase symmetry, inductance of one-phase winding
taken as an example is analyzed in this paper.
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FIGURE 2. The structure of two models. (a) 36 slots 32 poles. (b) 48 slots
40 poles.

(@
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FIGURE 3. Winding self-inductance of two motors. (a) 36 slots 32 poles.
(b) 48 slots 40 poles.

As shown in Fig. 2, the CPM system is symmetric and the
unit motor of two models are chosen to be modeled. Their
self-inductances analyzed by FEM in an electric period are
shown in Fig. 3, separately.

Compared Fig. 3 (a) with (b), the inductance of the 48 slots
40 poles motor shows better sinusoidal property than that of
the 36 slots 32 poles motor. In particular, the inductance of
the former has only one period (called unipolar) while that
of the latter has two periods (called bipolar) in one electric
cycle. In order to analyze the relationship between the motor
structure and inductance, this paper analyzes the cause of
inductance from the distribution of flux-lines, PM and sta-
tor winding. The corresponding EMC is established and the
magnetoresistance expression of the corresponding position
is summarized.
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(a) (b)

FIGURE 4. Flux-lines distributions of two motors. (a) 36 slots 32 poles.
(b) 48 slots 40 poles.

(a)

(b)

(c)

FIGURE 5. FEA of the 36 slots 32 poles motor in (a) 6 = 67.1°,
(b) 6 = 180° and (c) 6 = 297.1°.

A. ANALYSIS OF THE DISTRIBUTION OF FLUX-LINES
INFLUENCED ON THE INDUCTANCE

It is well known that there is a certain relationship between
flux-lines and inductance. Inductance is not convenient for
direct observation, but the flux-linkage is the opposite. The
distribution of flux-lines varies according to the distribution
of PM, windings, etc. Therefore, it is feasible to study the
distribution of flux-lines firstly and explore the relationship
between its distribution and the internal structure of the
motor.

Fig. 4 (a) and (b) show the flux-lines distributions of two
motors respectively. It can be seen that the flux-lines present
periodicity due to the distribution of concentrated winding.
In order to simplify the model analysis and calculation, quar-
ter and eighth of the two models are simulated respectively.
Fig. 5 and 6 show the results of the FEM.
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FIGURE 6. FEA of the 48 slots 40 poles motor in (a) 6 = 79.2°,
(b) 0 = 165.6°, (c) 6 = 259.2° and (d) 0 = 345.6°.

In order to analyze the inductance characteristics, this
paper selects the maximum and minimum values of the
self-inductance of each motor, and the FEM corresponded
to the points marked in Fig. 3 is shown in Fig. 5 and 6.
In Fig. 5, the self-inductance of the 36 slots 32 poles motor
is at maximum when 6 = 67.1° or 297.1°, part of the flux-
lines pass through the PM and form magnetic circuits with the
stator slot, the other part of the flux-lines form the magnetic
circuits among the rotor core, air gap and stator slots. When
6 = 180° the self-inductance of the motor is at minimum,
most of the flux-lines form the magnetic circuits among the
rotor core, air gap and stator slots. The common point of the
magnetic circuits are axially symmetric about the central axis.
In Fig. 6, the self-inductance of the 48 slots 40 poles motor
is at maximum when 6 = 79.2° or 259.2°, the flux-lines
mainly pass through the rotor core, air gap and stator slots and
there’s only one type of magnetic circuits. However, when
0 = 165.6° or 345.6° the self-inductance of the motor is at
minimum, the flux-lines form two parts of magnetic circuits
and magnetic circuits is mirror symmetry when 6 = 165.6°
or 345.6°.

It can be known from the above analysis, for one CPM,
when the inductance value is at the maximum or minimum,
the distribution of flux-lines has the same feature. Due to
the different slot-pole numbers matching, the distribution of
flux-lines between the two motors is different. In addition,
the distribution of flux-lines about 36 slots 32 poles changes
twice and that of 48 slots 40 poles changes once in an electric
cycle. This is similar to the rule of inductance change in an
electric cycle.

B. ANALYSIS OF THE INDUCTANCE CHARACTERISTIC
FROM EMC

In order to directly analyze the law of inductance change,
the magnetic circuit is simplified and quantitatively analyzed

90510

Permanent magnet -

Stator yoke

FIGURE 7. Partial magnetoresistance in main magnetic circuit.

by the EMCM. As can be seen from the flux-lines distribution
shown in Fig. 5 and 6, the main EMC includes the rotor yoke,
rotor tooth, air gap, stator tooth and stator yoke. In addition,
part of the EMC passes through the PM and the magnetore-
sistance of PM is considered. The permeances of the ferro-
magnetic regions and the PM are relatively easy to determine,
but the calculations for the permeances of the airgap region
are more complicated. Thus, to simplify calculations, the flux
paths between the CPM’s stator and rotor are simplified and
the saturation effect is neglected in the process of calculation.
Three kinds of magnetoresistances in main magnetic circuit
are shown in Fig. 7.
The symbols in Fig. 7 represent the following:

R,y Ferromagnetic resistance of rotor yoke

R;y Ferromagnetic resistance of stator yoke
R,; Ferromagnetic resistance of rotor tooth

Ry, Ferromagnetic resistance of stator tooth
R, Gap resistance between rotor and stator

Ry, Internal magnetoresistance of PM

Based on what have been analyzed above, Fig. 8 and 9
show the corresponding EMC (as the points marked in Fig. 3)
respectively.

In Fig. 8 and 9, F), is the magnetic potential of a single
winding.

Observing the EMC related to the distribution of flux-
lines, the magnetoresistance of the 36 slots 32 poles motor
changes once and that of 48 slots 40 poles motor changes
twice in one electric cycle. The basic equation to cal-
culate winding self-inductance of each EMC model is
given by

N2
R

L ey
where L, N, and R is self-inductance, number of winding
turns, and total magnetoresistance of EMC respectively.

To facilitate the analysis, the following assumptions are
made:

(1) The magnetic permeability of the core is infinite, and
the magnetic potential of stator and rotor core is the same;

(2) The permeability of the PM is approximately equal to
that of air;

(3) Ignore the effect of a small amount of magnetic leakage.

According to the principle of series and parallel mag-
netoresistance, the total magnetoresistance of each EMC is
calculated separately:

VOLUME 7, 2019



H. Ma et al.: Inductance Characteristic Analysis of CPM In-Wheel Motor

IEEE Access

Rry Rry Rry Ry

S
[ Rel] R[]
Rel] Re[] Rel]
Rst]] Rst[] Rst[]
———

Rsy Rsy Rsy Rsy

(c)
FIGURE 8. EMC of the 36 slots 32 poles motor in (a) 6 = 67.1°,

(b) 6 = 180° and (c) § =297.1°.
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In the process of magnetic circuit simplification, it is
noticed that part of the branch in Fig. 8 (b) is shown in
circuit 2 in Fig. 7. When the loop passes through the stator
slot, the gap resistance is much larger than that between the
stator and rotor, therefore in the calculation of formula (3),
the magnetic conductance of that part can be equivalent to 0.

Because the permeability of the PM is approximately equal
to that of air, the magnetoresistance of the PM can be equiv-
alent to the air-gap. Equation (2)-(4) can be simplified as
follows:

1 1 39
Ra = TRyt — TRy = ﬁRg (%)
Re T RAR, Retke TR,
R, 1 14
Ry=2| F+—— | = SR (6)
RXMH

VOLUME 7, 2019

Rry Rry
Rrt Rrt Rrt Rrt
Rg/2 Rg/2|| Rg/2 Rg/2
Rst Rst Rst Rst
Fm Fm
Rsy Rsy
(a)
Rry Rr,

Rry Rry Rry Rry Rry

— — Y
{1
I th Rrt I Rrt I I R”
Rg[] Re[] Rel] rg[]  Rg[] Re]]
Rst[]  Rst[] Rst]] rst ] Rst]] Rt
{1 {3} {1

Rsy Rsy Rsy Rsy Rsy Rsy Rsy Rsy

(b)

Rry Rry

Rsy

Rsy Rsy

FIGURE 9. EMC of the 48 slots 40 poles motor in (a) 6 = 79.2°,
(b) 6 = 165.6°, (c) 6 = 259.2° and (d) 6 = 345.6°.
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Similarly, equation (9) can be simplified as follows:

1 R, 43
T tRet Rg=Rs (10)

Ry = +Re+Ry = -

Ré’ + R5’+R5’

where R; (i = a, b, ¢, d) represents the total magnetoresis-
tance of EMC in the Fig. 8 and 9.

Due to the irregular distribution of flux-lines during the
rotation, the magnetoresistance in the air-gap is constantly
changing, so the magnetoresistance of the air-gap cannot
be accurately calculated. Therefore, it is simplified to rep-
resent the air-gap magnetoresistance. Combined with the
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FIGURE 10. Inductance analyzed by FEM of the 36 slots 32 poles motor.
(a) Inductance at its minimum when the motor has only one set of coils.
(b) Inductance at its minimum when the motor has coils in series.
(c) Inductance at its maximum when the motor has only one set of coils.
(d) Inductance at its maximum when the motor has coils in series.

equation (5)-(7), R, < Rp, R, < Rp, although R, and R,
are not exactly equal, the difference is within acceptable
limits because the actual inductance values are not exactly
equal. In the same way, compared with equation (8) and (10),
R, = Ry < R, = R.. According to equation (1), the cor-
responding relationship between the inductance and magne-
toresistance can be concluded clearly. When the inductance
of the motor is at maximum, the total magnetoresistance is
at minimum. Similarly, when the inductance of the motor
is at minimum, the total magnetoresistance is at maximum.
Therefore, it is feasible to calculate the inductance with the
rotor in any position and analyze the inductance characteristic
of the motor by using EMCM.

C. ANALYSIS OF THE DISTRIBUTION OF PM AND STATOR
WINDING INFLUENCED ON THE INDUCTANCE

The inductance periodicities of the two motors are different as
can be seen from Fig. 3, the distribution of flux-lines and the
magnetoresistance show that the inductance of the two motors
changes once and twice respectively. But in order to study the
relation between the inductance and the internal structure of
the motor, coil windings of the two motors are compared and
analyzed in the following.

The winding self-inductance of the two motors is shown
in Fig. 3, the inductance of 36 slots 32 poles motor has
one period, while that of 48 slots 40 poles motors has two.
In order to analyze the cause of inductance of two motors,
finite element analysis (FEA) of one coil and one-unit motor
are carried out in Fig. 10 and 11, the inductance waveform is
shown in Fig. 12.

Observing the distribution of the PM, stator core and
winding, it is intuitively to be seen from Fig. (a) and (c)
in Fig. 10 and 11, when the inductance is at the minimum,
the PM is between one coils of the windings. When the

90512

\‘ / N
/ " [
N i
/ /
(a) (b)
7
|
|
\ /
/ ~
- - -_7 -

(c) (d)

FIGURE 11. Inductance analyzed by FEM of the 48 slots 40 poles motor.
(a) Inductance at its minimum when the motor has only one set of coils.
(b) Inductance at its minimum when the motor has coils in series.
(c) Inductance at its maximum when the motor has only one set of coils.
(d) Inductance at its maximum when the motor has coils in series.
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FIGURE 12. Inductance of one coil of phase windings. (a) 36 slots
32 poles. (b) 48 slots 40 poles.

inductance is at its maximum, the PM is located on both
sides of one coil about the windings. Fig. (b) and (d) in
Fig. 10 and 11 show that windings of one-unit motor satisfy
this rule.

From Fig. 12, the one coil self-inductance of two motors
present the characteristics of unipolar. The one-phase wind-
ing is composed of coils in series and the inductance of phase
winding is superimposed by inductance of multiple coils,
so the inductance of one coil is analyzed. Fourier analysis
is used to explore the reasons for unipolar and bipolar of the
inductance of one-phase winding.

As can be seen from Fig. 13 (a), inductance of per
coil and one phase of 36 slots 32 poles motor both con-
tain many harmonics, and the self-inductance of per coil

VOLUME 7, 2019



H. Ma et al.: Inductance Characteristic Analysis of CPM In-Wheel Motor

IEEE Access

104 Il Sclf-inductance of one coil
=y
£
3
ERER
=
£
<

004

0 1 2 3 4 5
Harmonic order
35 B Sclf-inductance of one phase

Amplitude(mH)

0 1 2 3 4 5

Harmonic order
(a)
407 Il Sclf-inductance of one coil

Amplitude(uH)

Harmonic order

207 B Self-inductance of one phase

Amplitude(mH)

T T T T
1 2 3 4 5

Harmonic order
(b)

FIGURE 13. Fourier analysis of self-inductance about one coil and one
phase. (a) 36 slots 32 poles. (b) 48 slots 40 poles.

contains first harmonic. The self-inductance of one phase
mainly includes first and second harmonics, and the ampli-
tude of the first harmonic is greater than that of the sec-
ond harmonic. Combined with Fig. 3 (a), the minimum of
self-induction occurs only once, but the change between the
maximum and minimum occurs twice. It is also found that the
self-inductance waveform is symmetric about the minimum
point. Therefore, both the first and second harmonics play a
role, the first harmonic ultimately make the self-inductance
unipolar. The inductance of per coils and one phase of a
48 slots 40 poles motor mainly include the first and second
harmonic respectively. The inductance of per coil is expressed

VOLUME 7, 2019

by Fourier series, and then the phase self-inductance is added
up by inductance of all coils.

To simplify the calculation, the first, second and third
harmonics are taken into consideration, ignoring the higher
harmonics. The inductance of per coil and one phase of two
motors are expressed as follows.

In the 36 slots 32 poles motor:

L1y = Lo+Li cos (wt)+Ly cos (2wt +20°)
+ L3 cos (3wt +40°) +- - - (11)
L) = Lo+Lj cos (wr — 40°)+L; cos (2wt +60°) +- - -
(12)
L@y = Lo+Lj cos (wr —20°)+Ls cos (w1 — 20°)+- - -
(13)
Ly = Lay+Ly+Le)
= 3Lo+Ly; cos (wr) — Lyz sin (wt)+ Ly cos Qwr)
— Ly sin Qwt)+- - - (14)

In the 48 slots 40 poles motor:

L1y = Lo+Lj cos (wt)+Lo cos 2wt) —L3 cos Bwt)+- - -

(15)

Loy = Lo—Lj cos (wt+30°)+L2 cos (2wt+60°)+- .
(16)

L3y = Lo+Lj cos (a)t—l—30°)+L2 cos (2wt+60°)+~ .
(17)
Ly = Lo—Lj cos (wt)+L cos Cwt)+- - - (18)

Lo = Loy +L)+Li)+La

= 3Lo+3Ly; cos (2wt) —~/3Ly sin Qut)+-- - (19)

The symbols in equation (11)-(19) represent the following:

L1y, Ly, L3), L4y Inductance of per coil

Loy, Ly, L, L3 Fundamental wave, coefficient of first, sec-
ond and third harmonic

L11, L1, Coefficient of first harmonic after the superposition

Ly1, Lpy Coefficient of second harmonic after the
superposition

w Angular velocity of motor rotation

From equation (14), the inductance of A-phase winding
in the 36 slots 32 poles motor carries the first and sec-
ond harmonics, and the Fourier analysis data shows that
the first and second harmonic coefficients are 0.159046 and
0.135567 respectively. In contrast, the first harmonic has a
larger effect, and finally the phase self-inductance presents
unipolar. At the same time, self-inductance waveform has
some symmetry because of the second harmonic. Equa-
tion (19) shows that the winding inductance of the 48 slots
40 poles motor only has the second harmonic after superpo-
sition, and then inductance presents bipolar.

D. SUMMARY OF THE INDUCTANCE ABOUT THE CPM
Based on the analysis in section A, B and C, due to the
periodicity of the inductance, when the inductance is at the
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maximum or minimum value, the distribution of flux-lines
presents the same or mirror symmetry. So are the EMC of the
CPM. In addition, when the inductance is at the maximum,
the PM are distributed on both sides of the coil. When the
inductance is at the minimum, the PM is in the middle of the
coil. Based on the series winding, the inductance of the CPM
is superposed by the coil inductance and finally presents dif-
ferent periodicities. This method is suitable for the CPM with
different slot-pole numbers matching, and the inductance of
one-coil winding can be analyzed to study the periodicity of
the CPM. Furthermore, the inductance in any position can be
calculated by EMCM and the calculation results provide the
basis for the motor in the initial design stage.

IV. EXPERIMENTAL VERIFICATION

The previous sections fully prove the relationship between
the inductance characteristic and the structure of the CPM
through a large number of simulations and calculations. But
there is no way to observe the internal structure of the CPM
from the outside and measure the winding self-inductance
directly. To verify the inductance characteristic of the motor,
this paper calculates the phase-inductance based on the FEM.
Then the phase-inductance measured by the experiment is
compared with the calculated result. The relationship exists
between the self-inductance and phase-inductance according
to the expression [32]:

3

cos
ELM — 3Ly cos’H + $r ey

Lo= (20)

lg

where Ly, = % (LAAq — LAAd)

L, The phase-inductance of stator windings

L, The self-inductance between stator windings

0 Electrical angle of the rotor

Laaq The equivalent of q axis inductance of stator windings
of A-phase

Laaq The equivalent of d axis inductance of stator windings
of A-phase

¢r The flux linkage due to the PM

iz Current of A-phase

The variables in the formula (20) are all obtained by FEM.
In order to reduce the error, the phase current is extremely
small. Therefore, the error of the value of phase-inductance
obtained by FEM is generally small.

Fig. 14 shows two prototypes to investigate and verify the
characteristic of the mentioned CPM. Table 1 lists the same
structural parameters of the two experimental prototypes. The
differences between two motors are that the magnet steel
length is 10.56 mm and 13.2 mm, and the number of turns
per slot in series is 26 and 15 respectively.

The experiments on the CPM are performed in the
environment as shown in Fig. 15. The servo motor
(MDME302GCGM) is connected to the test motor through
a coupling, and the servo controller (MFDKTA390CA1) is
used to rotate the servo motor in order to change the position
of the test motor. The neutral line of the motor is drawn out
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FIGURE 14. Prototype of two motors. (a) 36 slots 32 poles. (b) 48 slots
40 poles.

TABLE 1. Structure parameters of the experimental prototype.

Parameters value Parameters value
Outer diameter of Outer diameter of the
89mm 89.5mm
the stator rotor
Inner diameter of the 69 Smm Inner diameter of the 102.5mm
stator rotor
Stator slot width 2mm Thickness of the Smm
magnet steel
Length of air gap 0.5mm Axis ler;%:: of iron 26mm
Rated power 300W Rated speed 300rpm
Rated torque 10N-m Rated phase current 10A
Bus voltage 48V

FIGURE 15. The experiment platform.

and the phase-inductance can be directly measured by LCR
Meter (HIOKI IM 3533-01).

Based on this, the actual phase-inductance of two motors
are finally measured when the output frequency is 300Hz.
The results of the wingding phase-inductance calculated and
measured are compared.

It can be seen from the Fig. 16 that both the calculated
and measured phase-inductance values have the same change
rule. Due to the rotor position control is not particularly
accurate, and there are some errors in the actual process-
ing, there is a certain deviation. But the periodicity is com-
pletely consistent with the calculated. The phase-inductance
of the 36 slots 32 poles motor calculated is consistent with
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FIGURE 16. Winding phase-inductance are calculated and measured of
the CPM. (a) 36 slots 32 poles. (b) 48 slots 40 poles.

the measured and the inductance shows unipolar. Phase-
inductance of the 48 slots 40 poles motor calculated is much
well the same as the measured and the inductance shows
bipolar.

V. CONCLUSION

Based on the two consequent-pole PMSM motors of differ-
ent pole-slot combinations, although the slot-pole numbers
matching are not the same, the relationship between the
characteristics of the inductance and the internal structure is
the same. In particular, it is reflected the distribution of the
magnetic circuit and the relationship between the PM and
the winding. However, due to the different distributions of
windings, the superposition results of the inductance of two
motor are different. Considering the series-parallel winding,
this paper analyzes the inductance of one coil and one-unit
in two motors by FFT. The Fourier analysis expression of
winding self-inductance is deduced to prove the different
periodicity of winding self-inductance between two models.
Experimental results and theoretical analysis are consistent,
and the conclusion effectively proves the close relationship
between the inductance characteristics and its internal struc-
ture of the motor.
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