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ABSTRACT
Permanent magnet synchronous motors (PMSMs) have recently been popular and widely used for electrical vehicle developments
in the automobile industry to replace internal combustion engines due to their ability to perform at higher efficiency. This paper uses
the PMSM in fuel cell vehicle electric air compressors. To ensure that the PMSM performs at higher efficiency, some field
performance, such as electromagnetic field, must be improved. In this paper, a comparison between the electromagnetic forces
components in the presence of current harmonic. The data indicates that the amplitude of electromagnetic forces for both radial and
tangential components are not the same, particularly in lower orders. However, radial forces' contribution is greater than tangential
forces. A structural optimization method reduces the radial electromagnetic (RE) forces to improve PMSM’s efficiency. The
optimization method involves changes in the PMSM's design values and improving the electromagnetic field performance. The RE
forces found to dominate the tangential electromagnetic (TE) forces, and it’s amplitudes corresponding to 2,4 and 6-order are

minimized by 31.1%, 28.5%, and 15.9%, respectively.

KEYWORDS: Tangential electromagnetic forces; radial electromagnetic forces; permanent magnet synchronous motor;

optimization

1. INTRODUCTION

PMSMs deliver a high-power density, remarkable efficiency, and
customizable speed, which is among the reasons they are often
used in electric vehicles. In a new energy vehicle, the motor is
the core component of the power system and the main
source of excitation for electromagnetic vibration. Due to
its significant role, it has also gained much attention in
electromagnetic performance research.

With electromagnetic excitation comes electromagnetic problems
involving the studies on performance features of PMSM to
analyze the distribution characteristics of electromagnetic forces
from the excitation field and to minimize the electromagnetic
forces based on the resulting phenomenon of distribution [2]. The
electromagnetic  torque produced from the tangential
electromagnetic force component causes torque ripple and
cogging torque, which minimally affects electromagnetic
vibration and noise. In contrast, radial electromagnetic force is the
primary source [3,4]. Effective studies such as stator and structure
optimization [5], pole-arc coefficient [6], slots design [7],
improving the rotor structure [8], and decrease of harmonics of
the air gap flux density [9] can result in improvement of
electromagnetic filed performances. As for rotor skewing, it also
weakens cogging torque and torque ripple to improve
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electromagnetic field characteristics [10,11]. However, some
recent rotor designs are smooth, such as the PMSM used in this
paper. Since many factors cause the cogging torque, its minimum
quantity does not always ensure low torque ripple [12], and no
matter what measures are taken, it can only be restrained to a
certain extent for the slotted permanent magnet motor, and it is
difficult to eliminate it completely [13]. The output torque is
important not to be affected during the optimization of motor
electromagnetic performance, Wang et al. [10] did torque ripple
reduction by rotor slotting, which optimized motor’s NVH
performance but affected the output torque. This also applies to
the motor characteristics by Mendizabal et al. [14]. Jung et al. [15]
used the equivalent magnetization current method to evaluate the
electromagnetic excitation force acting on the motor stator
system. Initially, on loading form of the electromagnetic force,
the electromagnetic force is applied to the stator tooth surface in
the form of a centered force. The method is effective, but the
study influence of force components is necessary for optimization
purposes.

The paper will involve a multi-physics coupling method to predict
the electromagnetic performance of PMSM. A model is presented
to calculate the motor's electromagnetic forces, which are verified
by the theoretical formulations. Based on the results, an
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optimization method that involves changes in the PMSM's design
values is adopted to improve the electromagnetic field
performance.

2. NUMERICAL EQUATIONS AND SIMULATION
OF ELECTROMAGNETIC FIELD

The high-speed PMSM in this research is used as a driving
machine for the fuel cell electric air compressor. It comprises a

Stator slot
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magnetic rotor, rotor shaft, stator core, front and rear end cover,
housing, and stator windings.

Permanent
magnet

Stator core

Rotor core

Shaft

Coil

Table 1. Main parameters of PMSM

Parameter Value Parameter Value
Rated power 20kw Stator diameter 71mm
Rated speed 60krpm Rotor diameter 37.6mm
Rated voltage 370V Air-gap length 0.45mm
Slots/pole 24/2 Pole-arc coefficient 0.55

2.2 Numerical Equations

Considering that there is no slotting on the rotor structure
surface SHSPMSM, the air gap magnetic conductance A (6, t)
expression is:

MO,1)=Ay+ D A, coskz,6

k=1
where, Ao is the average magnetic permeability amplitude A is
k-th harmonic magnetic permeability amplitude, k is harmonic
order, @ is the positioning angle at the circumference, and Z; is
the slot numbers.

In PMSM, the magnetic flux density calculates the
electromagnetic forces acting on the stator teeth's outer surface.
The electromagnetic force is calculated and then split into

1)
tangential and radial components from the stator teeth's surface.
The air-gap magnetic field harmonics and the electromagnetic
forces and relationship are described from the Maxwell stress
tensor method [16], where both electromagnetic forces
components of tangential and radial are described below:

_B(0.)°-B 0.1 _B.(6.1)’

f,

214, 2ty
- B, (6,t)B,(6,1)
t Hy
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where, B,.(6,t) and B.(6,t), are radial and tangential air-gap Defining f, and f, as:
magnetic flux density components, respectively as stated by

Equation (3).

f,=YF, cos(,u%t —u6), =(2r+1)p,r=0,12,3....
U

f,=> F cos(at—vO+y),v=(6k+1)p,k =+1+2,£3..

where, u is the harmonic spatial modulus of a permanent magnet

Substitute Equations (3) into B,(6,t). The radial air-gap

(PM), p is the pole pairs number, F, is the amplitude of the magnetic flux density components further expanded as:

magnetomotive harmonic force of the PM, w, is the current
angular velocity, and f;is the current frequency.

B, (0,t) =[

Z F, cos(y%t —ub)+ Z F, cos(ot —vO+y)

ulp v =

D AGF, cos(u 2t - ub)+ DA F, cos(at —vO+p) +
i p v

=[>.> AF,cos kz,0cos(u it — u6) +
p

k=l u

{Z D" AF, coskzZ,0cos(emt —vE + (0)}

k=1 v

The final equation is obtained from Equation (2) and expressed as:

f.(0,1) =
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The self-action on the magnetic field of the rotor causing the RE
force. The order of this RE force is expressed as:

Y= :2(ri+rj+l)p(0r)2(ri_rj)p (6)

where, y; and £; represent the i-th and j-th harmonics of the

magnetic density of the rotor poles, respectively. The
electromagnetic force frequency is expressed as:

f=2(r+r,+1)f (or)2(r,—r))f, (")

where, f, is the frequency of the current. It is customary to take

the rotational frequency as the base value for rotating
machinery. If f; is the frequency of the motor rotor rotation and

pf, = f, while the RE force frequency generated by the self-
action of the stator armature magnetic field can be rewritten as:

f= 2(I’| +; +1) pfo(or)2(ri - rj) pfo (8)

In this paper, the PMSM the pole number p is 1. So, the order of
RE force generated by the rotor magnetic pole is expressed as:

=utu = . . - —T.
V=HEH 2(1; + f +Dor2(r rJ) and the frequency

of RE force as: F=2r+ d +1) foor2(r; - ri) fo

The RE force caused by the self-action of the stator
armature magnetic field is expressed as:

y=v, v, =23k +3k; +1)(0r)2(3k - 3k;) (9)

where, V; and v, represent the i-th and j-th harmonics of the

armature magnetic field density, respectively. The frequency of
the RE force is:

Therefore, the order of RE force after the armature is energized

y=v, tv; =2(3k +3k; +1).The

frequency of RE force is: f =21,
The RE force generated by the joint action of the armature
magnetic field and rotor PM magnetic field is expressed as:

y = +v; =21 +3K; +1) p(or)2(r - 3k;) p
(10)

and expressed as:

© 2023 EPRA IJMR | http;/eprajournals.com/ | Journal DOI URL: https://doi.org/10.36713/epra2013

where, g, and £; represent the i-th harmonic of the rotor

magnetic pole magnetic density and the j-th harmonic of the
armature magnetic field magnetic density, respectively. The
frequency of the RE force is:

f = 2(r, +1) pf, (or)2r, pf, (11)

Therefore, the spatial modulus of the RE force of the joint action
between the rotor magnetic pole and armature reaction is

y = +v;=2(r +3k; +1)or2(r, —3kj).

The frequency of RE force is: F=2(r +1)for2rf, .
Generalization of the electromagnetic force sources from Figure
3 concludes that their characteristic order is y = 2pn. N is a
natural number, and 2p is the number of magnetic poles.

expressed as:

2.1 Electromagnetic field numerical simulation

A finite element model of the PMSM in ANSYS software is
created for simulation and calculations based on its specified
structural parameters. The flux density and magnetic force
distribution contours in the PMSM under load are depicted in
Figure 3.

Fig 3. Flux Density Distribution

A transient field solver calculates the motor's air gap magnetic
density and RE force at the rated speed. In ANSYS Maxwell
software, in order to solve the distribution of motor air gap
magnetic density, a fixed time during motor operation is taken
and calculated along the arc path of the air gap center. A custom
calculation script is imported since the Maxwell 2D module does
not directly solve tangential and radial magnetic densities. It is
necessary to use Equations (12) and (13) in the Maxwell 2D
analysis module and use the air gap magnetic flux density of the
x-axis and y-axis components to solve the tangential and radial
air gap magnetic flux density.
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B, =B, cosd+ B, sing (12)
B, =B,sing+ B, cos& (13)

Where B-and B:are -radial and tangential air gap magnetic flux
density, respectively. B, and Bx - the y-axis and x-axis
components of air gap magnetic flux density, respectively. 6 is
the angle between the line connecting the midpoint of the air gap
and the origin and the x-axis. A created circular path near the
inner wall of the stator core in the air gap between the stator and
rotor solves the tangential and radial air gap magnetic flux
densities. Electromagnetic excitation information is obtained
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through circuit models or by collecting measured phase currents.
Then, the electromagnetic finite element model calculates the
magnetic field air gap and electromagnetic forces of the PMSM.

In order to extract electromagnetic forces amplitude value, the
finite element (FE) model in Figure 1 is utilized to immediately
determine the PMSM’s air-gap magnetic field components of at
the rated speed. A script is applied to determine the order and
amplitude of electromagnetic forces. The RE force is used as an
objective function for optimal design since its amplitude
dominates the TE force.
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Fig 4. 3D distribution of the electromagnetic force components of the SHSPMSM; (a): Radial force (b): Tangential force

In Figure 4, magnetic density distribution in RE component
appears with higher amplitudes than the TE components. The
waveforms of electromagnetic forces in time-domain data are
changed into frequency-domain data by imposing Fast Fourier

Transform (FFT) decomposition. The order characteristics of
radial and TE forces for the SHSPMSM are shown in Figure. 5.
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Fig. 4. Order characteristics of RE and TE forces.

In low-order harmonics, the RE forces amplitudes of the PMSM
concentrate in 2, 4, 6, 8, and 10" order. For RE force, the peak
appears on 2-order, which is 69.5% larger than the same TE force
order. While, for TE force, the peak appears on order of 10, which
is 26.4% larger than the RE force amplitude. Therefore, the radial
forces dominate the tangential forces. The electromagnetic field
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results provide empirical support that the characteristic
frequencies of the RE forces of the SHSPMSM are even multiple
of the fundamental frequency, 2nf, (n=1, 2....). The simulation
results in Fig. 4 on amplitudes of harmonic orders are on good
terms with the electromagnetic theory of the PMSM.
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3. IMPROVEMENT RESULTS AND DISCUSSION

To improve electromagnetic performance of the motor, a multi-
objective optimization method is used, and all design
requirements are met. The traditional optimization methods only
consider a single aim, which can influence the general results, but

Kennedy and Eberhart [31] proposed particle swarm optimization
(PSO) to be applied to problems with multiple problems. The air
gap length and the stator slot design parts of the PMSM are the
design variables, while output electromagnetic torque and radial
electromagnetic force are objective functions. The mathematical
function for the motor is expressed as follows:

MaxxEVTj(X)
Minyey frpr (X) 3)
V = {{X|x; € [0.3 —0.6]},{X|x, € [0.5 — 1]}, {X|x5 € [0.4 — 1]},
{X|x, € [0.5 — 1.5]}, {X|x5 € [5 — 20]}}

After the calculations, the air gap length before and after
optimization is shown in Table 2. The electromagnetic torque
increases, and the maximum amplitude of radial electromagnetic
forces reduces from their initial design values. The

electromagnetic performance of the motor is simulated based on
the obtained new design values, while the working conditions of
the PMSM are kept the same. Table 1 shows the results of the
PMSM before and after improvement.

Table 1. Before and after structure improvement of the SHSPMSM

Parameter [mm] Range Before improvement After improvement
Air gap length 0.3-0.6 0.45 0.56
Hso 0.5-1 0.75 0.8
Hs1 0.4-1 0.73 0.81
Bso 0.5-1.5 1 0.75
Hs2 5-20 12.7 15.12
Rs 1 1 1

The key to improving the electromagnetic performance of the
PMSM is to weaken the respective orders of RE force amplitude.
Before optimization, it’s likely that the acoustic field can also be
affected by electromagnetic field outcomes. As shown in Figure
5, the low-harmonic orders of RE force amplitude corresponding

to 2n- order (n= 1, 2, and 3) are reduced by 31.1%, 28.5%, and
15.9%, respectively. The motor’s efficiency also increases, as
shown in Figure 6.
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Fig. 5. Orders of RE force before and after improvement.
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Fig. 6. PMSM efficiency before and after improvement.
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