IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received March 31, 2021, accepted April 9, 2021, date of publication April 14, 2021, date of current version April 22, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3072844

Influence of Salient Effect on Air-Gap
Flux Density Distribution of Interior
Permanent-Magnet Synchronous Machines

JIAKUAN XIA, ZEXING LI, ZIXUAN ZHANG, AND ZHIYAN GUO

School of Electrical Engineering, Shenyang University of Technology, Shenyang 110000, China

Corresponding author: Zexing Li (Izxsut@qq.com)

This work was supported in part by the Natural Science Foundation of China under Grant 52077142.

ABSTRACT Interior permanent magnet synchronous machines (IPMSMs) are widely used in electric
vehicles due to their high power density, high efficiency, and wide speed range. Compared with surface-
mounted PMSMs, the salient effect of IPMSMs causes a significant difference between quadrature-axis
and direct-axis flux paths, which can increase the harmonic components of the air-gap field and affect the
operation of the machine. Herein, taking a 6-poles 36-slots PMSM as an example, this paper analyzes the
influence of salient effect on the air-gap flux density. Based on salient effect function, the analytical model
of air-gap flux density considering the salient effect is established, and the influence of the salient effect
on the spatial-temporal distribution characteristics of air-gap flux density excited by permanent magnets
and armature reaction are derived, which are verified by the finite element method (FEM). Both simulation
and experiment results of the prototype show good agreement, and the sources of salient effect are found
with finite element model and equivalent magnetic circuit. Further, different current excitations are applied
to analyze the influence of the salient effect on different magnetic fields. The results show that the salient
effect has a more significant influence on the direct-axis armature reaction magnetic field, which increases
the harmonics components with the temporal orders of 3k, (k, = 1,2,3...).

INDEX TERMS IPMSMs, salient effect, quadrature-axis and direct-axis flux paths, spatial-temporal

distribution, equivalent magnetic circuit, FEM.

I. INTRODUCTION

THE interior permanent magnet synchronous machines
(IPMSMs) are widely used in electric vehicles due to the
significant advantages which can be yielded, such as high
efficiency, high power density, and wide speed range [1], [2].
These features contribute to the performance of the power
system of electric vehicles [3], [4].

The air-gap magnetic field is the energy conversion
medium, and its spatial-temporal distribution character-
istics directly affect the running performance of the
machine [5]-[7]. To date, the research on the air-gap magnetic
field of surface-mounted permanent magnet synchronous
machines (SPMSMs) has been fully developed, due to their
regular permanent magnet (PM) layout and simple magnetic
circuit [8]-[13].

Compared with SPMSMs, the salient effect of IPMSMs,
caused by PMs buried in the rotor core, results in a
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significant  difference between quadrature-axis and
direct-axis flux paths, which can increase the harmonic
components of air-gap field and affect the operation of the
machine [14]-[17]. In [18], a simple magnetic reluctance
network, considering the geometry of the machine and the
material characteristics, was used to analyze the effect of
stator slotting on the magnetic field distribution of salient
pole PMSMs. In [19], a new armature reaction magnetic
field model, considering the effect of the embedded magnet
in the rotor, was proposed, which can be used to evalu-
ate various machine performances, such as inductance, sta-
tor core losses, and magnet eddy current losses. In [20],
equivalent magnetic circuit method (MCM), conformal map-
ping and concentration flux were combined to analyze and
design a multi-layered and multi-segmented IPMSM. In [21],
a method to model the saturation level and the relative per-
meability at different regions of the rotor iron was proposed,
based on the rotor geometry and the nonlinear B-H curve
of the iron core, and the problem of inaccurate calculation
caused by nonlinear saturated rotor was solved. In [22],

VOLUME 9, 2021


https://orcid.org/0000-0003-0940-4020
https://orcid.org/0000-0003-3487-5430
https://orcid.org/0000-0003-2297-7050

J. Xia et al.: Influence of Salient Effect on Air-Gap Flux Density Distribution of IPMSMs

IEEE Access

an extended analytical method, based on the conformal map-
ping technique, was used to predict the open-circuit air-gap
field distribution in an IPMSM equipped with multilayer
PMs. In [23], based on the complex relative permeance,
accounting for the slotting effect, the radial and tangential
air-gap flux densities were calculated rapidly.

Remarkably, air-gap magnetic field of IPMSMs is more
complex than that of SPMSMs based on the above litera-
ture, which is mainly caused by salient effect due to PMs
buried in the rotor core [24]. However, the research on
the influence of salient effect on air-gap magnetic field,
as of writing, not yet been fully developed. The air gap
permeance and the spatial-temporal distribution of air-gap
flux density can be changed greatly due to the salient
effect, which can result in significant vibration and addi-
tional losses, affecting the operation of the IPMSMs [25].
These significant variations caused by salient effect are
not considered in conventional analysis in literature. There-
fore, there is an urgent need to develop an analysis method
to research the influence and sources of the salient effect
on the air-gap flux density distribution of IPMSM, which
can be used as the basis for the research of loss and
vibration.

Taking a 6-poles 36-slots IPMSM as an example, this paper
aims to analyze the influence of salient effect on the air-gap
flux density. In Section 2, the basic parameters of the proto-
type are given, and the excitation setting under different mag-
netic fields is described. In Section 3, the analytical model of
air-gap flux density considering saient effect is derived, based
the salient effect function, and the spatial-temporal distribu-
tion characteristics under permanent magnetic field (PMF)
and armature reaction magnetic field (ARMF) are investi-
gated, respectively. In Section 4, the air-gap flux density
is calculated with finite element method (FEM). Finally,
the prototype experiment is carried out to verify the finite
element model and the sources of the salient effect are
found. The obtained conclusions can serve as a valu-
able reference for the analysis of the multi-physical field
of IPMSMs.

Il. PROPOSED MODELING OF IPMSM
A. SPECIFICATIONS OF THE PROTOTYPE
The cross-sectional view of the prototype investigated in this
paper is shown Fig. 1. It should be emphasized that the salient
effect is mainly caused by the buried PMs, flux barriers and
magnetic bridges [18], [23], [24].

The basic parameters of the IPMSM are listed in Table 1.
The machine is a 6-poles 36-slots IPMSM with a rated power
of 1.9 kW, and the rated current is 22.8 A.

TABLE 1. Basic parameters of the 1.9 kW PMISG.

Specifications Values
Rated power, kW 1.9

Rated speed, r/min 1500
Rated current, A 22.8
Number of poles and slots 6/36
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FIGURE 2. The quadrature-axis flux path.

FIGURE 3. The direct-axis flux path.

B. EXCITATION SETTING OF THE PROTOTYPE

Fig. 2 and Fig. 3 show the quadrature-axis flux path and
direct-axis flux path respectively, when the PMs are replaced
by using a non-magnetic source with the same magnetic
permeability. It can be seen that the path and phase between
the two flux paths are significantly different. Therefore, it is
very necessary to decompose the ARMF into quadrature-axis
ARMF and direct-axis ARMF, so as to further study the
influence of the salient effect on the two.

Based on the principle of equivalent magneto motive force
(MMF), this paper decomposes the armature reaction by
adjusting the three-phase current.

The corresponding three-phase current only considering
quadrature-axis ARMF can be given as

; cos 6 —sin@

‘Aq 2 2 . 2 0

ipg | = 3 cos(0 — 3m) —sin(@ — 37) io (1)
lcq cos( — 3) —sin(0 — 37)
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where 6 is the angular position, and ip is equivalent
quadrature-axis current, the effective value range is between
zero and the square root of one and half of rated current.

The corresponding three-phase current only considering
direct-axis ARMF can be given as

ind cosf — sinf

. _ 2 2 . 2 iD

iBa | =13 cos(f — 57) — sin(f — 57) 0 (2)
icd cos(0 — %‘n) — sin(@ — %‘n)

where ip is equivalent direct-axis current, the effective value
range is between zero and the square root of one and half of
rated current.

Ill. ANALYSIS OF AIR-GAP MAGNETIC FIELD

A. ANALYTICAL MODEL OF AIR-GAP PERMEANCE

When the salient effect is considered, the air gap per-
meance function will change. The rotor salient structure
can be approximately equivalent to the rotor slot effect.
With the consideration of the slot effect and the salient
effect, the equivalent air gap permeance can be expressed
as [23], [26]

A5, 1) = Nor1(0)r2(6, 1) 3

where ¢ is the time, and Ag is average air gap permeance.
A1(0) and X»(0,t) are the relative permeance function of
the slot effect and salient effect, respectively, which can be
written as

r@) =1+ ZAkZ cos(kzZ20) (ky =1,2,3..))
kz
M@, t)=1+ ZAks cos 2ks(pf — wt) (ks =1,2,3...)
ks

“

where Ay, is the magnitude of the kz — th harmonic perme-
ance, and Z is the number of slots. Ay, is the magnitude of
the ks — th harmonic permeance, w is the angular frequency
of current source, and p is the number of pole pairs.

Substituting (4) into (3), the equivalent air gap permeance
can be expressed as

A5, 1) = Aor1(0)A2(0, 1)
= Ao+ Y Ay, cos(kzZ0)

kz
+ Z Agg cos 2ks(p — wt)
ks
1 (kzZ + 2ksp)o
+ = A, A COS 5)
2 %% o |::|:2k5wt

The sources and spatial-temporal orders of the equivalent
air gap permeance can be found from (5), as shown in Table 2.
It can be seen from Table 2 that the sources of the equivalent
air gap permeance mainly include four terms, i.e., the average
permeance, the stator slot effect, the salient effect, and the
interaction between the stator slot effect and the salient effect.
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TABLE 2. Sources and spatial-temporal orders of air gap permeance.

Sources Spatial order Temporal order
Average permeance / /
Stator slot effect kZ /
Salient effect 2ksp 2ks

Interaction between stator slot

effect and salient effect ko2 2kesp 2ks

TABLE 3. Sources and spatial-temporal orders of PMF.

Sources Spatial order Temporal order
Interaction between PMMF
and average permeance VRP VR
Interaction between PMMF
and stator slot effect viphksZ VR
Interaction between PMMF
and salient effect (Ve 2ks)p vit2ks
Interaction among PMMF,
stator slot effect and salient (VrX2ks)ptkZ vrt2ks

effect

When the salient effect is considered, the air gap permeance is
the function of position and time, and increases the harmonic
permeance with the temporal orders of 2kg and the spatial
orders of 2ksp and kzZ + 2ksp, respectively.

B. ANALYTICAL MODEL OF PMF
The MMF generated by the PMs is expressed as [27], [28]

Fr=) F& cosvr(pt — wt) (6)

VR

where F 1?:31 is the amplitude of the vg — th harmonic of MMF,
and vg is the harmonic order of MMF generated by PMs,
the value of which is 2kg — 1(kg = 1,2,3...).

Multiplying (6) and (5), the air-gap flux density generated
by PMs can be written as

Bgrs = FrAs(0,1)
=Y AoFk cos vg(ph — wi)

VR

1
+5 DN " FRR Ak, cosl(vep & kzZ)0 — vgoot]

VR kz

+ % DO T FRE A
ks

VR

x cos[(vg £ 2ks)p0 — (vg £ 2ks)wt]

1
D) I
VR kz ks
[(vg £ 2ks)p £ kzZ160
X COS (7
—(vg £ 2ks)wt
According to (7), the sources and spatial-temporal orders
of the PMF can be obtained as shown in Table 3. It can
be found from Table 3 that the sources of the PMF mainly
consists of four terms, i.e., the interaction between the
permanent MMF (PMMF) and average permeance, the inter-
action between the PMMF and the stator slot effect, the inter-
action between the PMMF and the salient effect, and the
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TABLE 4. Sources and spatial-temporal orders of ARMF.

Sources
Interaction between ARMMF

Spatial order Temporal order

and average permeance vsP #
Interaction between ARMMF

and stator slot effect vapkaZ #
Interaction between ARMMF

and salient effect (vs£2ks)p p£2ks
Interaction among ARMMF,

stator slot effect and salient (vsx2ks)ptk,Z 12k
effect

interaction among the PMMF, the stator slot effect, and the
salient effect. With the consideration of the salient effect,
the spatial-temporal orders of the new components of the
air-gap flux density coincides with the original components.
Therefore, the salient effect mainly changes the amplitudes
of the original air-gap flux field components under PMF.

C. ANALYTICAL MODEL OF ARMF
The MMF excited by the three-phase symmetrical current in
the stator windings is expressed as [29]

Fsg = Z ZF;:;VS cos(vsph — pwt + @) ®)
" vs

where F§" and /'S are the amplitude and initial phase
angle of vg¢ — th harmonic components of armature reaction
MMF created by u-th time current, respectively. vg is the
harmonic order of armature reaction MMEF, and u is the time
current harmonic order, the value of which can be given as

p=6ks+t1 (ks=0,1,2..) )

Multiplying (8) and (5), the air-gap flux density generated
by direct-axis armature reaction can be written as

Bss = FsAs(9,1)
= Z Z AoFg)" cos(vspd — pot + @)

novs
D DI
wovs kg

x cos[(vsp £ kzZ)0 — powt + @"¥S]

1
SEDIPIP I IS
wovs ks
(vs &£ 2ks)pO+
X COS |:(M + 2k Yot + g7

1
20D D D F Ay A
w o vs kz ks
[(vs £ 2ks)p £ kzZ]0
X COS { (£ 2k )t + TS (10)

According to (10), the sources and spatial-temporal orders
of the ARMF can be obtained as shown in Table 4. It can
be found from Table 4 that the sources of the ARMF
mainly consists of four terms, i.e., the interaction between
the armature reaction MMF (ARMMF) and average perme-
ance, the interaction between the ARMMEF and the stator slot
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effect, the interaction between the ARMMF and the salient
effect, and the interaction among the ARMMEF, the stator
slot effect, and the salient effect. Considering the salient
effect, the increasing harmonic components with the temporal
orders of u £ 2kg and the spatial orders of (vg & 2ks)p and
(vg £ 2ks)p + kz respectively, are different from the original
components, which results in the additional harmonics with
the temporal orders of 3k, (k, = 1,2,3...). In addition,
the amplitudes of its various harmonics are also changed.

IV. CALCULATION OF AIR-GAP FLUX DENSITY BY FEM

A. CALCULATION OF PMF WITH FEM

Fig. 4 shows the curve and its corresponding 2-D Fast Fourier
transform (FFT) result of PMF. It can be seen from Fig. 4 (b)
that spatial orders and temporal orders of the PMF are
vep (3,6,9 ...) and vg (1, 3, 5, 7 ...), respectively, which
are coincident with the Table 3, thus the salient effect mainly
changes the amplitudes of the original air-gap magnetic field
components under PMF.

Flux density (T)

0 60 120 180 240 300 360
Position (Elect. degree)

@

Flux density (T)

FIGURE 4. The air-gap flux density and its 2-D FFT result under PMF.
(a) Flux density curve, (b) 2-D FFT result.

B. CALCULATION OF ARMF WITH FEM

Fig. 5 shows the curve and its corresponding 2-D FFT result
of ARME, which contains the quadrature-axis and direct-axis
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components in the case of PMs being replaced with a non-
magnetic material. It can be seen from Fig. 5 (b) that spatial
orders and temporal orders of the ARMF are vgp (3, 6, 9
...)and p £ 2kg (1, 3, 5, 7 ...), respectively, which are
different from the Table 4. Considering the salient effect,
the air-gap flux density increases the harmonic components
with the temporal orders of 3k, (k, = 1, 2, 3...), and the
amplitudes of its various harmonics are also changed.

Flux density (T)
(=]

S
o

o

60 120 180 240 300 360
Position (Elect. degree)
()

<

Flux density (

FIGURE 5. The air-gap flux density and its 2-D FFT result under ARMF.
(a) Flux density curve, (b) 2-D FFT result.

V. EXPERIMENT AND DISCUSSION

In this section, the finite element model of 1.9kW IPMSM
is first experimentally confirmed in no-load and load condi-
tions. Then, the sources of the salient effect under different
magnetic fields are studied, based on the proven model. After
that, different quadrature-axis and direct-axis currents are
input to the excitation to further study the influence of the
salient effect on the air-gap magnetic field in the different
conditions.

A. VERIFICATION OF FINITE ELEMENT MODEL
In order to verify the accuracy of the finite element model,
the experiment platform of the prototype is set up, as shown
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IPMSM2
(Tested machine)

IPMSM 1
(Motor)

Tested IPMSM

Motor Rectifier

R— ‘ ili M
(®)

FIGURE 6. The Experimental set-up of the prototype. (a) Experimental
system, (b) Schematic diagram.

in Fig. 6. The IPMSM1 runs as a motor, and the [PMSM2 runs
a generator, as the tested prototype.

Under no-load condition, the winding is disconnected from
the external circuit, and the oscilloscope is used to record
the no-load line back EMF of the prototype. Under load
condition, the winding is connected with the external circuit,
and the line voltage and phase current are obtained with the
oscilloscope. The measured results are as shown in Fig. 7 (a),
and the corresponding effective values of which are 53.01 V,
52.59 V and 22.66 A, respectively. The simulation results are
shown in Fig. 7 (b), which are consistent with the measured
results.

B. SOURCES OF SALIENT EFFECT UNDER DIFFERENT
MAGNETIC FIELDS
(i) Fig. 8 shows the magnetic field line diagram of the proto-
type under no-load condition, and the air-gap magnetic field
is only excited by PMs. Ignoring the leakage magnetic field
between poles, the main magnetic field passes through PMs,
rotor core, air gap and stator core. Fig. 9 shows the magnetic
density map of the prototype under no-load condition. The
result shows that only the inter-pole region with severe mag-
netic leakage is saturated, and the main magnetic path does
not appear to be saturated.

Ignoring the permeance of the cores the main magnetic cir-
cuit, the model of equivalent magnetic circuit under no-load
condition is shown in Fig. 10. The PM is equivalent to a
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.,m, FIGURE 13. The equivalent magnetic circuit of prototype under ARMF.
i as a flux path without reluctance. Therefore, the influence
I:;:: of the salient effect on the PMF is mainly the additional
i magnetic resistance caused by PMs buried in the rotor core.
o (ii) Fig. 11 and Fig. 12 show the magnetic field line dia-

FIGURE 9. The magnetic density map of prototype under PMF. gram and magnetic density map of the prototype respec-
tively, when the rated current, containing quadrature- axis

series connection of both the MMF Fpy, and the reluctance and direct-axis components, is given and PMs are replaced
Rpyr. @pyy is the flux excited by the PMs. The air-gap is with a non-magnetic material. The result shows that the

represented by the reluctance R,;;, and the core is considered main magnetic field passes through stator core, air gap and
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FIGURE 14. The air-gap flux density curves and their FFT results of case
1-4. (a) Flux density curves, (b) FFT results.

rotor core, and the rotor core is saturated at the magnetic
bridge. Considering the effect of saturation of the rotor core,
the model of equivalent magnetic circuit under the action of
ARMF is shown in Fig. 13. The influence of the salient effect
on ARMF is mainly that the additional magnetic resistance
caused by the saturation effect of the magnetic bridge results
in the air-gap magnetic field to be distorted.

C. INFLUENCE OF SALIENT EFFECT ON AIR-GAP
MAGNETIC FIELD UNDER DIFFERENT CURRENT
EXCITATIONS

Table 5 shows seven cases with quadrature-axis current from
0 to Iy, and direct-axis current from O to Iy, where Iy and
14y are the rated quadrature-axis current and rated direct-axis
current, respectively.

TABLE 5. Current excitation setting of the case 1-7.

Cases Quadrature-axis current Direct-axis current
Casel 0 0

Case2 0.251,y 0

Case3 0.5,y 0

Case4 I 0

Case5 0 0.251;

Case6 0 0.51;y

Case7 0 Ly

Fig. 14 shows the air-gap flux density curves and the
corresponding FFT results of the casel-4. It can be seen
from Fig. 14 (a) that the quadrature-axis current causes the
air-gap magnetic field to be distorted, and the distortion
becomes more serious as the current increases. According to
Fig. 14 (b), the first and third harmonics have obvious change.
When the current value is less than 0.5/,y, the amplitudes of
the first and third harmonics remain almost unchanged. When
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FIGURE 15. The air-gap flux density curves and their FFT results of case 1,
and case 5-7. (a) Flux density curves, (b) FFT results.
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FIGURE 16. The air-gap flux density curves and their FFT results of case 1,
3, 6. (a) Flux density curves, (b) FFT results.

the current value reaches 0.5/,y, the amplitude of the first
harmonic increases, and the amplitude of the third harmonic
decreases. In other words, when the quadrature-axis current
is large enough, the salient effect will have an impact on
quadrature-axis ARMF.

Fig. 15 shows the air-gap flux density curves and the
corresponding FFT results of the casel and case 5-7. It can be
seen from Fig. 15 (a) that the direct-axis current has a weak
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magnetic effect, and the weak magnetic effect increases as the
current increases. According to Fig. 15 (b), the third and ninth
harmonics have significant changes, the amplitudes of which
decrease as the current increases. Even when the direct-axis
current is 0.257;y, the salient effect still has an effect on
the direct-axis ARMF, which is significantly different from
quadrature-axis ARMEF.

Fig. 16 shows the air-gap flux density curves and the corre-
sponding FFT results of casel, case3, and caseb6, respectively.
It can be seen from Fig. 14 that the third harmonic of caseb6 is
smaller than that of case3. In other words, compared with the
quadrature-axis ARMF, the salient effect has a greater impact
on the direct-axis ARMF.

VI. CONCLUSION

In this paper, taking a 6-poles 36-slots [IPMSM as an example,
the influence of the salient effect on the PMF, ARMEF is
analyzed. Based on the salient effect function, the spatial-
temporal distribution characteristics of PMF and ARMF are
investigated, respectively, which are verified by FEM. Then,
the prototype experiment is carried out, the measured results
are in good agreement with those of the FEM results. Finally,
the sources of salient effect are found under different mag-
netic fields and the influence of the salient effect on air-gap
flux density under different current excitations is studied.
According to above analysis, the following conclusions can
be obtained:

(i) When the salient effect is considered, the air gap per-
meance is the function of position and time, and increases
the harmonic permeance with the temporal orders of 2kg.
In other words, the air gap permeance changes with time and
space, which is different from the conventional analysis in the
literature.

(i) Due to the additional magnetic resistance caused by
PMs buried in the rotor core, the salient effect mainly changes
the amplitude of the original air-gap magnetic field compo-
nents under PMF.

(ii1) Due to the additional magnetic resistance caused by
the saturation effect of the magnetic bridge under ARMF,
the air gap magnetic density increases the harmonic com-
ponents with the temporal orders of 3k, (k, = 1,2,3...)
and the amplitudes of its various harmonics are also changed
under the influence of the salient effect, which is of great
significance for the analysis of ARMF and precision control
of IPMSM.

(iv) Compared with the quadrature-axis ARME, the salient
effect has a greater impact on the direct-axis ARMF. There-
fore, when the air-gap flux density and multi-physical field
of IPMSM are further analyzed, the quadrature-axis arma-
ture reaction and direct-axis armature reaction should be
discussed separately.
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