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ABSTRACT

As permanent magnet motors and generators produce torque, vibration occurs through the small air gap due to the
alternating magnetic forces created by the rotating permanent magnets and the current switching of the coils. The
magnetic force can be calculated from the flux density by finite element methods and the Maxwell stress tensor in cy-
lindrical coordinates. In this paper the magnetic flux density, the magnetic force and the torque of a real three dimen-
sional brushless DC motor are simulated using Maxwell 3DV 11.1
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1. Introduction

Magnetic force analysis is important in determinimgt ~ shaping of the magnet. In addition Jang and Lieu [8
only the torque as the output of motor, but alsoghurce  showed that the composition of the frequency spectr
of vibration in machine itself. Vibration is induteén  can be shifted to higher frequencies to reduceottezall
permanent magnet DC motors and generators as showntransmission to the base system. The transmidgiluifi
Figure 1, by traveling magnetic forces. Neodymiumad a the higher frequencies are low except when theisiral
other rare earths have greater retentivity, coerébrce  resonance occurs. Vibration reduction could becégfd
and maximum energy product than traditional ferriteby interlacing higher energy magnets and slightiging-
magnets. Therefore, since the magnetic force isesea ing the magnetic orientations at the pole transgior by
approximately with the square of magnetic flux, thethe interlocking of the magnets. In recent papers
forces arising from designs using rare earth magast  [9,10,11], the two dimensional finite element asédyof
significantly greater than those from conventiomalgnet ~ brushless DC motor has been reported, but threergim
designs. These problems are particularly seriolmwhe ~ sional finite element analysis of brushless DC mabias
forcing frequencies match one or more of the stmatt not been reported in details.
resonant frequencies in the machine. In this paper, the characteristics of torque andmatic
The analysis of magnetic force has been addressad b force acting on the rotor are analyzed as the icotaif
number of investigators. Initially, papers mainbcfised the rotor. The magnetic force in the motor withetar
on the calculation of the torque as the output ofan  Poles and six teeth were calculated from the flarsity
Marinescuet al. [1] and Miziaet al. [2] compared the Dy finite element methods and the Maxwell stressae.
several different methods to calculate the tordikeir ~ The component and the characteristics of the magnet
efforts resulted in torque calculation at seveigfiecent ~ force and magnetic torque in a small air gap were-a
locations based on the quasi-static magnetic fisldch ~ lyzed with the introduction of cylindrical coordiea
were verified by experiments. The problem of maignet ;
cally generated vibration has been addressed b@rothz' Magnetic Force and Torque
investigators. Boules [3] analytically predictece thux = The magnetic field generated by a brushless DC misto
density in permanent magnet machine. Sabonnadiafe governed by the set of Maxwell’'s equations. Intridg
[4] calculated the magnetic force using the fimtement the scalar potential into the Maxwell equationsthwi
method, while Lefevret al. [5] did so with finite differ- some mathematics, gives a single partial diffesnti
ence method along with determining the dynamic reacequation for the scalar potential.
tion with FEM. Rahman [6] and Jang [7] showed that T AT _
driving frequencies may be characterized by Foudier D uOg-0 uHs =0 (1)
composition of the magnetic traction, and demotestra The field intensity due to the current in the wingli
that the vibration levels could be reduced by propeand the permanent magnet may always be calculdted d

Copyright © 2009 SciRes JEMAA



rectly by the Biot-Savart law and the magnetic tipo
moment per unit volume, respectively. This equatiike
the Poisson's equation for electrostatic fields ¢en
solved using finite element method. Maxwell 3D VIL4.
FEM solver for magnetic field was used to calculhie
scalar potentialg and the magnetic field intensity .

A non uniform distributed force per unit area at th-
terface between two materials is calculated byaigbe
Maxwell stress tensor. Since the strain imposedhen
material due to magnetostriction is small enoughmee
glect changes in the density, it can be assumedtliea
change of permeability is negligible. Thus in tensota-
tion we have:

1
Eaij B.By)

~Leg -
U
whereg;; is the Maxwell stress tensoB, is the mag-

netic flux density which is obtained by the muligakion
of permeability to the magnetic flux density. Frdhe

(2)
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3. Modeling

The finite element method has a solid theoretical
foundation. It is based on mathematical theorenas th
guarantee an asymptotic increase of the accuradkeof
field calculation towards the exact solution as dlze of
the finite elements used in the solution processeadses.
For time domain solutions the spatial discretizatié the
problem must be refined in a manner coordinatedh wit
the time steps of the calculation according tonesstied
time constants of the solution (such as magnetfasion
time constant). Maxwell 3D V11.1 solves the electro
magnetic field problems by solving Maxwell's eqoat

in a finite region of space with appropriate boumyda
conditions and-when necessary-with user-specifiéchi
conditions in order to obtain a solution with gudeed
uniqueness. In order to obtain the set of algebezgita-
tions to be solved, the geometry of the problemiissre-
tized automatically into tetrahedral elements. #&ie
model solids are meshed automatically by the mesher

expression given by Woodson and Melcher [12] for anThe assembly of all tetrahedra is referred to asfittite

interface between two materials a and b, the tadi, is
given by:
®3)

fi = (Uija _Jijb)nj

element mesh of the model or simply the mesh. énsid
each tetrahedron, the unknowns characteristichierfield
being calculated are represented as polynomialseof
ond order. Thus, in regions with rapid spatialdighria-
tion, the mesh density needs to be increased fod go

The normal and the tangential traction can be decomyq tion accuracy (see also adaptive mesh refingmen

posed as follows:

_ b
f, = (Jija -0, )nn,

(4)
®)

Since {4, » the magnetic traction can be simpli-
fied with the introduction of the cylindrical coante on
the rotor. Along the air gap, the normal and thegéatial
traction for tooth face are as follows:

1

o=y |11,

[ =fneixn]

fr = 0.”3 (Br2 - BL92 - Bzz) (6)
fo=0,4" -1

But for tooth side which is perpendicular to thegap
the normal and the tangential traction have thieiehg

form:

BBy (7)
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The torque produced for one position can easilgde
rived from the integration of the shear force aldhg
small air gap with the fact the field distributiamside a
closed surface in air remain unchanged if the esier
sources are removed and replaced by currents aed po
on the surface:

T= § Rx f,dQ (10)
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Solving an electromagnetic field problem is always
based on solving Maxwell's equations. However the
process of obtaining the solution is typically lhsmn
solving a second order consequence of Maxwell's
equations with the consideration of applicable ttuive
equations. At the same time-as a rule-a subseatroplete
Maxwell's equations is considered according to attaristic
aspects of the application. Thus for reasons afieffcy of
the solution, applications are classified as eabstatic,
magnetostatic, frequency domain or time domain ana
consequence a specific type of solver is usedéh ease.
This allows the users to obtain the solution with desired
accuracy but always within the limits of the fundantal
assumptions made when the application was clabsifie
along the lines of the above mentioned criterige §hide
lines that can be used to correctly identify thpetyof
solution to use are mentioned in the following peaphs.
The unknowns for each type of solution can be wiffg
depending on the formulation.

The solution process for 3D transient applications
poses several challenges not apparent for otheersol
types. For instance, the behavior of fields is more
complex than it is for static or steady-state ajgtions,
and a special finite element mesh structure isiredun
order for the software to accurately represeniptisics.
For 3D transient applications, the behavior offtakls is
more complex than it is for static or steady-state
applications. A diffusion of the magnetic field anthe
materials occurs in 3D transient situations. Tisrithution
of the magnetic field inside objects typically has
number of spatial harmonics, which usually meares th
time step used in the analysis should be lessiiggmes
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much less) than the magnetic diffusion time cortstan
These time constants depend upon the geometry of
objects and also wupon their respective material
properties. Since eddy currents are usually consitli
conductive objects, a special finite element mesh
structure is required in order to accurately capttire
physics. In general, a careful planning of the (u@dhn
meshing process is required in order to achieve an
accurate solution with the available hardware reses
The three dimensional view of the Brushless DC moto
is shown in Figure 1.

4. Simulation Results

It is assumed that the square voltages with ang#itof

311 V and frequency of 60 Hz are applied to the
brushless DC motor as shown in Figure 2. The brush-
less DC motor is simulated in the interval of 00t62
seconds with 0.002s of time step. The magnitude of
flux density in times of 0.004s, 0.006s, 0.008€18,
0.012s, 0.014s, 0.016s, 0.018s and 0.02s are shown
Figures 311. Also, the diagrams of the torque and the
force in the z, y and x directions are shown inur&s
12-17 respectively.

Figure 1. Three dimensional brushless DC motor
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Figure 2. Input voltage waveforms and stator excitation inverter
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Figure 6. Magnetic flux density in 0.01 s
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Figure 10. Magnetic flux density in 0.018 s
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Figure 11. Magnetic flux density in 0.02 s
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Figure 14. Torquein x-direction
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Figure 15. Forcein z-direction
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Figure 16. Forcein y-direction
15 Dec 2008 Ansoft Corporation 10:08:52 Y1=0—

XY Plot4 Force_x
MaxwellDesign1 Setup1 : Force1

-1.00-]

®
o

i
SN

5.00
0.

Force_x [newton]
L
3
| 7]

o 5.00 10.00 15.0 20.00
Time [ms]

Figure 17. Forcein x-direction

5. Conclusions

A method for the analysis of the magnetic force tred

torque in a brushless DC motor has been preserded f [11]

the finite element method and Maxwell stress tensor
that the characteristics of the magnetic force #mal
torque can be predictable. Shear force existing small

direction to move the rotor to the equilibrium pimsi.
The commutating torque is produced by the inteoaotif

the permanent magnet and the current which incsease
the magnetic field concentration of the teeth coinghe
moving direction and decreases it in the oppositecd
tion and the simulation software has analyzed witat
performance of the brushless DC motor in the teatsi
state.
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