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Analysis of Permanent Magnet-assisted
Synchronous Reluctance Motor Based on
Equivalent Reluctance Network Model
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Abstract—In this paper, the equivalent reluctance network
model (ERNM) is used to calculate the magnetic circuit of a
permanent magnet-assisted synchronous reluctance motor
(PMASynRM) and calculate no-load air-gap magnetic field and
electromagnetic torque. Iteration method is used to solve the
relative permeability of iron core. A novel reluctance network
model based on actual distribution of the magnetic flux inside the
motor is established. The magnetomotive force (MMF) generated
by armature winding affects the relative permeability of iron core,
which is considered in the calculation of ERNM to improve the
accuracy when the motor is under load. ERNM can be used to
measure air-gap flux density, no-load back electromotive force
(EMF), the average value of motor torque, the armature winding
voltage under load, and power factor. The method of calculating
the motor performance is proposed. The results of calculation are
consistent with finite element method (FEM) and the
computational complexity is much less than that of the FEM. The
results of ERNM has been verified, which will provide a simple
method for motor design and analysis.

Index Terms— Permanent magnet-assisted synchronous
reluctance motor (PMASynRM), Equivalent reluctance network
model (ERNM), Air-gap flux density, No-load back electromotive
force (EMF), Torque.

I. INTRODUCTION

ERMANENT magnet-assisted synchronous reluctance motor

(PMASynRM) combines the characteristics of a permanent
magnet synchronous motor and a synchronous reluctance
motor. The motors make full use of reluctance torque and
permanent magnet torque. The PMASynRM can use a small
amount of rare earth material or a low-cost ferrite or bonded
NdFeB to achieve the expected performance. PMASynRM
have the characteristics with high-power density, high
efficiency, wide speed range, small size, and light weight,
which are widely used in the industrial drive [1],[2].

The methods often used in motor design include the finite
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element method (FEM), analytical method and magnetic
equivalent circuit (MEC). Using suitable methods in the initial
and final stages of motor design can save time and improve the
accuracy of the results. When the FEM is used to analyze
PMASynRM, complicated magnetic circuit structure and
various boundary conditions of the motor can be considered,
and the results are accurate. However, FEM is not suitable for
making a choice among a wide range of analysis methods due
to its consumption of much time and internal memory [3].
Therefore, FEM is usually used in the final verification stage of
design models or analytical models [4]-[6]. The analytical
method is based on the mathematical description of the
geometrical shape of each part of the motor. In [7], the radial
and tangential components of air-gap flux density can be
accurately obtained by a subdomain field model. When the
boundary shape and structure of the electromagnetic field of the
motor are more complex, the establishment and solution of the
mathematical model in this method will be difficult to establish.
MEC has a good coordination between the calculation accuracy
and the calculation time, and gradually has been widely used.

In article [8], the air-gap flux density can be obtained from
the air-gap flux density of permanent magnets and the air-gap
flux density of armature winding, respectively. MEC can be
divided into no-load, d-axis, and g-axis circuits [9]. On the
MEC model, the methods for calculating various leakage
magnetic permeances are determined according to the motor
structure and the leakage reluctances of the magnetic circuit are
obtained [10]. An analytical procedure that allows to evaluate
the total magnetomotive force (MMF) along d-axis, and g-axis
to improve accuracy in MEC has been proposed in [11]. In
article [12], the nonlinear MEC method, which considers the
severe magnetic saturation of iron core, is proposed. A MEC
model for Synchronous motor incorporating moving air gap
and cross-coupled saturation effects proposed in [13]. In article
[3], the iterative magnetic circuit calculation is used to deal
with the saturation effect of iron core. The lumped magnetic
circuit model was extensively used for permanent magnet
machine, which derived analytically the air-gap field
distribution, average air-gap flux density, and leakage fluxes
[4],[14]-[19].

The air gap of motor is an important area for
electromechanical energy conversion of motor. The
performance and parameters of motor are mostly based on the
calculation of air-gap magnetic field. However, the air-gap
magnetic field of motor cannot be accurately calculated and the
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important radial component of air-gap flux density cannot be
obtained from the traditional MEC [4], [13], [20].

A method called the equivalent reluctance network model
(ERNM) is used for the analysis of PMASynRM. Compared
with the traditional MEC, the ERNM complies with the
principle of minimum reluctance to convert the vector of
magnetic flux into a scalar for solution, which improves the
accuracy of calculation and is accessible. At the same time, the
influences of the placement angle of permanent magnet and
iron core in rotor on the air-gap flux density had been solved.
The results obtained from the analytical calculation conform
well with FEM, and the computation time of the analytical
calculation is much less than that of the FEM. The comparison
with the no-load air-gap flux density, no-load back
electromotive force (EMF), and the average value of motor
torque obtained by FEM proves the feasibility and
effectiveness of ERNM.

II. CALCULATION PROCEDURE OF THE ERNM

In calculation of the ERNM for magnetic circuit, it is
assumed that the stator yoke is in an equipotential region of the
MMF. The magnetic flux is along the direction of the iron core
in the middle of the magnetic barrier and the air-gap MMF
changes in radial direction, the flux lines in radial magnetic
field region pass vertically through air gap.

A four-pole PMASynRM is used as a prototype, as shown in
Fig. 1. Due to the symmetry of the motor structure, ERNM is
applied to calculate a quarter of the rotor model.

Taking the centerline of magnetic barrier as the boundary,
the motor selects one-half of the adjacent poles for ERNM. The
overall shape of the motor can be regarded as an equivalent
reluctance network model with the same four parts. The part
shown in Fig. 2 is the modeling area.

Fig. 2. Modeling area.

In this section, the analytical method of modeling in the
modeling area is explained. Besides, the saturation effect of the
iron core and the influences of the placement angle of
permanent magnet and iron core is also considered.

A. Reluctance Model between Permanent Magnets

According to the structure of PMASynRM as shown in Fig. 1,
ERNM has been established. In the previous MEC, the iron
core between the magnetic barriers is regarded as a whole
reluctance. MEC is to transform the unevenly distributed
magnetic field in the motor into an equivalent multi-segment
magnetic circuit. In the iron core of the motor, there is a
magnetic circuit between the parts where the magnetic potential
is different. The magnetic potential of the iron core at different
positions between the permanent magnets is different.
Therefore, the reluctance between the iron core with magnetic
potential difference should be considered when establishing the
ERNM, which can reflect the real magnetic field inside the
motor and improve the accuracy of the model. In this paper, the
iron core was divided into multiple parts: the reluctances in the
direction of magnetization between the permanent magnets,
and the reluctance in the direction to the air gap.

The model of reluctance established in the iron core is shown
in Fig. 3. The model in Fig. 3 considers the reluctance
contained in the iron core between two permanent magnets. In
Fig. 3, PM11 and PM21 represent permanent magnets placed
horizontally in the middle, and PM12 and PM22 represent
permanent magnets placed at an angle on both sides of the
magnetic poles. R1, R2, R3, R4, and RS represent the reluctance
of the iron core between permanent magnets. Moreover, there is
the following relationship between reluctance, R1=R2, R3=R4.
The reluctances of iron core along the direction of permanent
magnet are also built in the model. The reluctance between the
permanent magnets PM11 and PM21 is R1, R2. Similarly, R3
and R4 are the reluctance between the permanent magnets
PM12 and PM22. R5is the reluctance along the direction from
iron core to the air gap. Equation (1) to calculate the value of
reluctance.

Rn= 1
,LlsSn ( )

where L, and S, are the length and cross-sectional area of the
flux path through the iron core, s is the relative permeability of
the iron core.

Since the shape of the iron core of the rotor is not a regular
shape, the value of reluctance can be calculated by integral in
actual calculations. In the same way, other parts of the motor
can also use the above method to solve the reluctance.

(a) (d)
Fig. 3. The reluctance model established in the iron core. (a) The iron core of
the rotor and the permanent magnets in the magnetic barrier. (b) The model of
the iron core in ERNM.
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B. Permanent Magnet Model

During the operation of motor, the MMF and magnetic flux
generated by the permanent magnet to the external magnetic
circuit are changed, which is difficult to calculate. The
permanent magnet can be equivalent to a magnetic flux source
in which a constant magnetic flux source is connected in
parallel with a constant internal magnetic flux.

Just as the voltage source and current source in the circuit
can be equivalently interchanged, the magnetic flux source in
the magnetic circuit can also be equivalently transformed into
an MMF source.

The total magnetic circuit provided by permanent magnet to
the external magnetic circuit can be divided into two parts, one
part is linked to the armature winding turns, called the main
magnetic flux; the other part is not linked to the armature
winding turns, called the leakage flux. In this paper, the leakage
flux is considered to be generated in the magnetic flux path
between the rotor ribs and the isolation bridge.
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Fig. 4. The equivalent circuit of permanent magnet.

In Fig. 4, Ao represents the internal permeance, and F.
represents the source of MMF, /5 is the main permeance, and
A, is the leakage permeance.

The MMF and reluctance of permanent magnets can be
solved according to the following equations:

Fc = HchMP (2)
Ao = HHoAn 02 3)
hhAP

where Zwp is the length of the magnetization direction of the
permanent magnet, and H. is the magnetic induction coercive
force.

It is considered that permanent magnets also provide MMF
for the leakage magnetic circuit. In the leakage magnetic circuit,
the flux density of the isolation bridge part is very saturated and
the reluctance is large.

F.

T “)
where [; is the width of the isolation bridge, and H, is the
magnetic field intensity of the isolation bridge.

By fitting the magnetization curve of the iron core, the
relative magnetic permeability is calculated, and then the
leakage reluctance is calculated by (1).

Hs

C. ERNM'’s Other Parameter Calculations

In ERNM, there are MMF generated by armature winding,
air-gap reluctance, and stator reluctance, etc. The calculation

method of the parameters of these structures in ERNM is
introduced below.
1) MMF of Armature Winding

The MMF generated by the three-phase motor armature
winding can be written as

3
Fi(t,05)= ). —Fgcos(wt Fv6sF o) Q)
v=6k+1
According to the conversion relationship between stator
coordinate system and rotor coordinate system

O:=0s—w:t (6)
=2 7)
p

Fy(t,6r) = Z EFW cos(vpb:+ (vF )t F 6o) ®)
v=6k*l1
where v is the harmonic order, Fy, is the peak value of MMF
harmonic of v order, expressed as:

22 Nkov
Fov= 22Nk Is (€)
vzp
In ERNM, the MMF generated by the armature winding is
equivalent to some MMF sources, which can be solved by the

integral equation [20].
(10)

where 0 and 6, are the angles of the rotor coordinate system,
and Fum (2, 6;) is the equivalent value of the armature winding’s
MMF between 6 and 6, angles.
2) Air Gap Reluctance

The MMF drop of air gap is greater in the magnetic circuit of
the motor. In ERNM, the air gap of a motor is equivalent to a
series of reluctance. Similar to the MMF generated by the
armature winding, the air gap is divided into small pieces
corresponding to different angles. The small air gap and the
corresponding equivalent MMF source are in the same
magnetic circuit. The air-gap reluctance calculation does not
consider the influence of stator teeth and stator slots. As same
as the calculation of iron core reluctance, the air-gap reluctance
can be calculated as [20]:
_he he

MORL i, x@2—01)xRL
where A is the air-gap width; R is the average radius of the air
gap, which is the average value of the stator inner diameter and
the rotor outer diameter; L is the lamination stack length; 6 is
the radian corresponding to the air-gap reluctance on the rotor
coordinate system.
3) Stator Reluctance

In the magnetic circuit of ERNM, the air gap corresponds to
the stator with the same angle. The armature winding contained
in the stator is ignored when the stator reluctances were
calculated. The radial length of the inner surface and outer
surface of the stator is much larger than the air gap. The
segmented stator is not a regular rectangle. The integral is used
to calculate the stator reluctance. The specific calculation can
refer to the calculation of iron core reluctance.

Fam(t 6)—;J92F(t 0:)do
nm ) T 62_61 01 S ) T T
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D. Equivalent Reluctance Network Model

In ERNM, the following assumptions are made for the
convenience of calculation:
1) End effects are neglected.
2) The outer surface and inner surface of the stator is a

magnetic equipotential surface.

3) All materials are isotropic.

ERNM can be derived from the structure of the motor. The
values of reluctance and MMF in ERNM are calculated based
on the structure of the motor.

Rs Rs Rs Rs Rs Rs Rs

Ra
= i@—
Rs Dp x
Fe
R
Rﬂ'

Fig. 5. Schematic diagram of equivalent reluctance network model.

Half of the ERNM diagram is shown in Fig. 5, and the other
half can be obtained by symmetry. As shown in Fig. 5,
reluctance (Ro, Rs, Rg, Rs, Rr) denote the reluctance of the
permanent magnet, leakage, air gap, stator, rotor, respectively.
R, is the reluctances in the direction of magnetization; Ry is the
reluctance in the direction leading to the air gap.

E. Calculation of Relative Permeability

Due to the effect of the permanent magnet magnetic field, the
magnetic field intensity at different positions inside the motor
structure will not be same in the operation of the motor. The
magnetic induction intensity will change with the change of the
magnetic field intensity according to the magnetization curve
of iron core. At the same time, the relative permeability of the
iron core is constantly changing. This is a difficulty in the
calculation, which affects the accuracy of the results of the
modeling calculation.

The stator rotates in the rotor coordinate system. The stator
reluctance of the same magnetic circuit is smaller than that of
the air-gap reluctance. It is assumed that the relative
permeability of all stator parts is the same value, and the value
of the reluctance of each stator parts is only related to the angle

corresponding to the airgap in magnetic circuit. In this wayj, it is
possible to have an accurate model that does not change with
the operation of the motor.

The magnetic circuit between different nodes in ERNM is
simplified into a branch, and the node electromotive force is
simply obtained by the node method, which can be calculated
by (12). The saturation of the iron core needs to be considered.
The relative permeability of iron core can be calculated as
shown in Fig. 6. First, a hypothetical value is set. Secondly,
substitute the initial value into ERNM, and get the new relative
permeability according to the magnetic flux density. The error
between the two values is compared, and the iterative
correction calculation is performed until the error is less than a
certain value at last.

( Set initial relative permeability JD

Substitute the B-H curve to get B and H

|

I |
I |
I |
I |
I |
| |
I |
| 1
: Solve the model and use the result to calculate }
: the magnetic induction intensity }
| 1
I |
I |
I |
I |
[ |
| |
I |

l

Substitute the B-H curve to solve the new
relative permeability

Anpiqeatniad sanera1 snlpy

Fig. 6. The calculation flowchart of relative permeability.
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In order to simplify the calculation, the motor is divided into
the stator part, the part between magnetic barrier, and the part
between the magnetic poles. The relative permeability of these
three parts is solved by the above method. Dividing the motor
into more calculation parts can improve the accuracy of the
calculation.

F. The radial and tangential decomposition of the air gap
magnetic field

There are two description in the motor: (1) the angle between
the permanent magnets in the rotor; (2) the angle between the
iron core and the radial direction of the motor.

As shown in Fig. 7, a1, a1, and a3 is the angle between the
iron core and the radial direction of the motor. The angle
between the permanent magnets also can be seen in Fig. 7.

The air-gap flux density is to solve the magnetic flux density
along the radial direction in the motor air gap. The magnetic
field in the air gap needs to be expressed as a scalar. After
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Fig. 7. The angle between the magnetic part between the permanent magnets
and the radial direction of the motor.

solving the nodal MMF equations of ERNM, the radial and
tangential decomposition of the air-gap magnetic field is based
on the motor structure.

III. CALCULATION OF MOTOR PERFORMANCE

ERNM can calculate the electromagnetic performance of the
motor. According to the solved results, not only the motor
performance can be obtained, but also the guidance for the
optimal design of the motor performance can be provided.

A. The Air-gap Flux Density

In the above, the method of solving the air-gap magnetic
field without considering the influence of stator teeth and stator
slots is given. In this paper, a rotor with a smooth surface is
used. When calculating the no-load air-gap flux density, the
influence of the stator is considered.

The inner surface of the stator is regarded as a magnetic
equipotential surface [21],[22]. When the influence of adjacent
slots is neglected, the distribution of the air-gap flux density
within one slot pitch is shown in Fig. 8.

Taking the centerline of the stator slot as the origin of the
coordinate and the air-gap flux density coefficient at the stator
teeth as the reference value, the air-gap flux density coefficient
within a slot pitch can be expressed as

Vid
1- fivy — Ly cos
P =P 05a

kg(asiR) = o
1,080 < o] < %

ars,| o] < 0.8

(13)

where o is the angular position, ao; is the slot-width angle,
B

Bo

1

o]

Rotor core

Air gap &

Stator core

t

Fig. 8. The distribution of the air-gap magnetic flux density within one slot
pitch.

oy s the slot-pitch angle. a1 and a1 can be expressed as
boi

oo = (14)
au=—" (15)
where Ry is the inner radius of the stator.
prin=20 L ! (16)
Brws 2 \/1 2y
26
where v is the solution of the implicit function.
Sim in (13) can be calculated by the above formula.
[ 2 2 2 2
yﬁ | LYY +—5arctan(—571/ ) (17)
boi u bo bot \J12 4+

y and u; in (17) can be calculated by the following equation.
Y=r—R_ .+0 (18)

= /1+(z_i)2 (19)

Simultaneous (13)-(19) can calculate the air-gap flux density
coefficient related to the angle position.

After calculating the magnetic flux density of each section of
the air gap, multiply the calculation result and the air-gap flux
density coefficient to get the no-load air-gap flux density
affected by the stator slot.

The no-load air-gap flux density of each section can be
expressed as

Beo(0e)=k, (a,, R) m
where F1(6;) is the MMF generated by permanent magnets.

When the motor is under load, the air-gap magnetic field is
complicated. The air-gap magnetic field is generated by
permanent magnets and armature windings. The armature
winding affects the magnetic field inside the motor, which
causes the reluctance in the ERNM under load to be
recalculated.

In the motor, part of the armature MMF drop is in the air gap,
and the other part of MMF drops in other structures of the
motor. The matrix can be used to solve the MMF drop between
nodes, which can solve the MMF drops in other structures of
the motor.

(20)

Bes(0)=k (a,,R) x |:F< (Hr)_}:;’j (Q)Jﬂo
o &y 5

where F(6;) is the MMF generated by the armature windings,
Fi;(6;) is the MMF drop in other structures of the motor.

The air-gap flux density generated by the armature winding
can be calculated by (21).

The air-gap flux density under load is generated by
permanent magnets and armature windings. The air-gap flux
density under load can be expressed as

By(6r) = Bes(0r) + Ber(6r) (22)

where Bg(6) is the air-gap flux density generated by the

@n
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armature windings, Bg(6r) is the air-gap flux density generated
by permanent magnets.

B. No-load Back EMF

The no-load back EMF is induced in the armature windings
by the no-load air-gap flux generated by the permanent magnets
in the motor.

The no-load back EMF of phase A, B, and C can be
expressed as

NLw:R

Eapc = z

i=A,B,C a
where i is the ith winding of phase A, B, and C, N is the number
of turns per coil, a is the parallel-circuits per phase, By is the
no-load air-gap flux density.

In (23), Beo(0:) is the air-gap flux density at the position of
the ith winding in air-gap. Add up the induced EMF of all
windings in this phase to get the no-load back EMF of this
phase [23].

The flux linkage of the armature windings can be used to
solve the no-load back EMF. Equation (24) can also calculate
the no-load back EMF.

Beo(6r) (23)

d ¢ph:A,B,C
dt

In (25), ¢ is the flux linkage of the armature windings. The
flux linkage of phase A, B, and C can be expressed as

¢ = NLR[" Buo(0:)d0:
Both of the above methods can calculate the no-load back

EMF. A suitable method can reduce the amount of calculation
when using ERNM to analyze the motor.

24

Eapc=—

(25)

C. Motor Torque

Motor torque is an important indicator to measure motor
performance. Using ERNM to solve the air-gap flux density,
the motor torque can be calculated based on the electrical
loading. The torque of the motor is a function related to the
radian of the rotor and time, which can be obtained by
integrating the electric load and the air-gap flux density.

For a given winding, the electrical loading can be expressed
as the Fourier series expansion [2].

32 Nk oo
_ Z m

a(0r) = Isin(pb:+ (vF D)ot F60)  (26)

v=6ktl VDT
The motor torque Tem is calculated by the following integral

formula.
Tan= p|. Bu(6)a(6:)LRdx
2 27)
= pRjor» Be(0:)a(6:)LRAO:

In the third part, the formula for calculating the motor torque
is given. Bg(6;) is the air-gap flux density of the motor under
load in (22).

Simultaneous (22), (26), and (27) can calculate the
expression of motor torque.

D. Armature Winding Voltage Under Load And Power Factor
The winding voltage under load is an important indicator of

the motor, which can be analyzed with the input current to get
the power factor.

When the current source is used as the input power source, it
is the magnetic flux interlinked with the armature winding
under the load. The armature winding voltage can be calculated
by its flux linkage. The induced voltage of the armature
winding under load is regarded as the armature winding voltage.
This approximate calculation method provides a quick solution
for the initial design of the motor.

Simultaneous (22), (24), and (25) can get the induced voltage
on the armature winding.

There is a certain relationship between the input current and
the input voltage of the motor. When the motor input current
source is used as the power source, the armature winding
voltage contains a large number of harmonics due to the
influence of the motor structure and permanent magnets. The
difference in the phase angle between the fundamental wave of
the armature winding voltage and the current reflects the power
factor of the motor. The input current is compared with the
armature winding voltage, which can get their phase angle
difference and derive the power factor.

IV. ANALYSIS AND COMPARISON

In order to verify the accuracy of the ERNM, a 4p/36s
PMASynRM has been analyzed by ERNM and FEM. A
two-dimensional FEM model is established based on the
structure of the motor. The main structure parameters of
machine are shown in Table I. And the FEM model of machine
is given in Fig. 1.

In this paper, the relative magnetic permeability of the stator
part, the part between magnetic barrier, and the part between
the magnetic poles are respectively 0.00775, 0.0087, and
0.00813 under rated load condition.

TABLE [
MAIN STRUCTURE PARAMETERS OF MOTOR

Symbol Quantity Value (unit)

P Rated power 5.5 (kW)

P Pole number 4

0] Slot number 36

a Number of parallel 2
branches

N Number of turns per 47
coil

ny Rated speed 3000 (rpm)

Ry inner Inner radius of the 65 (mm)
stator

R outer Outer radius of the 64.65 (mm)
rotor

R Radius at the center of 64.825 (mm)
the air gap

L Lamination stack 60 (mm)
length

Lo Permeability 4n x 107" H/m

A. The Air-gap Flux Density

In the no-load state of the motor, FEM is used to analyze the
air-gap flux density of the motor. The air-gap flux density
calculated by FEM and ERNM is compared, as shown in Fig. 9.

In Fig. 9, it can be seen that the results of ERNM are
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consistent with those of FEM. The time (3.2s) spent on the
calculation by ERNM is less than the time by FEM (3 min 43s).
The difference between the analysis results of the no-load
air-gap flux density near the middle of the magnetic pole is less
than 3%. On both sides of the magnetic pole, the selected air
gap segment is larger in ERNM, which increased calculation
errors. In the rotor, the magnetic conductive parts between the
permanent magnets are respectively the first layer, the second
layer, and the third layer from the outside to the inside. The
analytical result of the no-load air-gap flux density distribution
curve from the third layer of magnetic conductive parts to the
edge of the magnetic pole is selected. The integral calculation
of the results of FEM and ERNM in this part can get the
magnetic flux.

After the integral calculation, it is concluded that the
magnetic flux error analyzed by the two methods is less than
5%. The error can be reduced by increasing the section
component.
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Fig. 9. The distribution of the no-load air-gap flux density within one pair pole.
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Fig. 10. The distribution of the no-load air-gap flux density within one pair
pole when the magnetization length changed.
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Fig. 11. The distribution of the no-load air-gap flux density within one pair
pole when the pole opening angle is 85°.

ERNM also has good performance when the structural
parameters of the motor change. In Fig. 10, the length of the
magnetizing direction of the permanent magnets in the rotor is
changed proportionally. In addition to considering the size of
the permanent magnet, the accuracy of ERNM should also be
verified at different pole opening angles. Extending the
magnetic pole opening angle to a larger angle can verify the
accuracy of ERNM within this angle range. When the magnetic
pole opening angle of the motor is increased to about 85°, the
results of air-gap flux density obtained by ERNM and FEM are
shown in Fig. 11. Similarly, the results calculated by the two
methods can be integrated to calculate the magnetic flux.
Similarly, the results of the two methods can be integrated to
calculate the magnetic flux and the respective errors of the two
different structural parameters are less than 2%.

Similarly, the values of reluctance in ERNM is recalculated
at rated load. The air-gap flux density generated by the
permanent magnet and the armature winding are calculated
separately. The air-gap flux density under rated load can be
calculated by the method introduced in Section III. The
distribution of the air-gap flux density under rated load within
one pair pole is shown in Fig. 12.

In Fig. 12, ERNM has a good performance when the motor is
under load. In ERNM, an equipotential surface of MMF is used
as the MMF at a certain rotor position angle. When the motor is
under load, the relative permeability of the iron core at different
positions is different. ERNM divides the motor structure into
three parts to solve the relative permeability, which will cause
the error in Fig. 12. The results of ERNM are generally
consistent with those of FEM, which has a positive effect on the
initial design of the motor.
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Fig. 12. The distribution of the air-gap flux density under rated load within one
pair pole

B. No-load Back EMF
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The relationship between the no-load back EMF and the
rotation angle of the rotor is shown in Fig. 13.

In Fig. 13, the analytical results of no-load back EMF are
calculated at its revolution speed 3000 r/min. The no-load
air-gap flux density can be used to solve the no-load back EMF
calculation. Moreover, the calculated results are helpful to the
analysis of the motor.

C. Motor Torque

When calculating the air-gap flux density under load
conditions, it is necessary to consider the influence of the stator
slots on the air-gap magnetic field.

Import the data into the equation in the third part, and select a
period of torque as a sample to average. Fig. 14 shows the
relationship between torque and armature windings current
angle. If the ERNM under load does not consider the influence
of the armature MMF on the iron core saturation, it will lead to
larger errors in the results of ERNM and FEM.

The fundamental MMF generated by the armature current
rotates in the air gap at synchronous speed. Calculate the
armature MMF at Os and recalculate the reluctance in ERNM to
obtain a more accurate torque. In Fig. 14, the trend of the motor
torque with the current angle calculated by ERNM is basically
the same as the FEM. Moreover, the results of ERNM
calculations can show the influence of the current angle on the
torque. The value of the torque will vary with the armature
current. When the armature current changes the internal
magnetic field of the motor, the armature MMF and the relative
permeability of the iron core are different. The reluctance in
ERNM needs to be recalculated, which improves the accuracy
of the results. Set the current angle of the armature current to
40°, and calculate the torque under different current. The torque
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Fig. 14. The distribution of the average torque under different current angles.

21 Ve 2
v
18 A
E e 1
\% ys
[} A
%15 / g
= /n/
12 ¥ ‘/l/ —=— ERNM| ]
* FEM
8 10 12 1‘4 16

InputCurrent(A)
Fig. 15. The distribution of the average torque under different current when
current angles at 40°.

under different currents calculated by the proposed ERNM and
FEM is shown in Fig. 15.

The section component in ERNM is larger than FEM.
Moreover, the relative permeability used when calculating the
reluctance in ERNM is obtained by simplified calculation.
These are the reasons for the error of the air-gap flux density,
and further lead to the error of the torque calculation. However,
the error between the calculation results of ERNM and FEM is
small. ERNM can reflect the change trend of torque It can be
concluded that ERNM reduces the amount of calculation
compared with FEM.

D. Armature Winding Voltage Under Load And Power Factor

The induced voltage on phase A is solved by ERNM and
FEM. In ERNM, the induced voltage is obtained by using the
air-gap flux density under load. The induced voltages solved by
FEM and ERNM are shown in Fig. 16.
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Fig. 16. The induced voltage of phase A is calculated by ERNM and FEM.

The error of the air-gap flux density under load calculated by
the two methods is the main cause of the error of the induced
voltage. It can be seen from Fig. 16 that the error of the phase A
induced voltage calculated by ERNM and FEM is controllable
and the calculated induced voltage can still have a very
important and constructive significance for the initial design
stage of the motor.

The induced voltage and current of Phase A are shown in Fig.
17.
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Fig. 17. The induced voltage and input current of phase A.

The induced voltage can be solved by Fourier decomposition
to find the phase of its fundamental wave and compare it with
the phase of the input current, which can get the power factor of
the motor.

Tablellshows the armature winding voltage and power factor
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under rated load calculated by ERNM and FEM. The error of
the armature winding voltage calculated by ERNM compared
with FEM is less than 4%. Although the power factor has errors,
it can reflect the performance of the motor in the initial design.
TABLE Il
COMPARISON OF ERNM AND FEM

Method Armature winding voltage Power factor
ERNM 185.23 0.8173
FEM 178.78 0.8319

V. CONCLUSIONS

In this paper, ERNM is used to calculate the magnetic circuit
of PMASynRM. Reluctances also exists in the magnetic circuit
between the permanent magnets inside the rotor of
PMASynRM, which conforms to the actual distribution of
magnetic field inside the motor and were built in ERNM. A
solution to the change of the value of reluctance in the model
under load is proposed. Through the calculation formula, the
no-load air-gap flux density, no-load back EMF, and motor
torque are solved. Analytical calculations have been conducted
for the 4p/36s PMASynRM. According to the verification by
FEM, the ERNM is feasible and effective.

The ERNM has a good coordination between the calculation
accuracy and the calculation time. Obviously, ERNM is a
method to reduce the amount of calculation and ensure the
accuracy of calculation.

Significantly, the ERNM could be applied to analyze other
types of motors. Therefore, the ERNM could be widely used for
the initial analysis and design of diverse types of motors. And
the proposed method can be transformed into a software in the
future.
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