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Abstract

The purpose of this paper is to present an Analytical Predict the Electromagnetic Field Density in surface mounted
permanent magnet synchronous motors based on a subdomain field model. In this paper, which is one of a series of
four, a 2-d analytical method for predicting field distribution in one SMPMSM is presented. In the presented method,
Maxwell’s equations have been solved in different regions in pseudo-Cartesian coordinates system taking into account
the non-homogeneous boundary conditions. The domain of the magnetic field is divided into four subdomains, viz.
magnets, air gap, stator core and outer region. The governing equations and the boundary conditions to the interfaces
between these subdomains are formulated in polar coordinate. The analytical prediction is validated by corresponding
finite-element method. In future articles, we intend to study the effect of eccentricity on the distribution of magnetic

fields in all areas of the motor.
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1. INTRODUCTION

With the development of permanent magnet (PM)
materials, permanent magnet motors are more and
more widely studied and used. these machines
Compared with the motors excited by current, offer
some advantages such as, low size, high torque
densities, high efficiency, high power, and low cost
and are increasingly popular in domestic, industrial
servos to hybrid electric vehicles, wind power
generation and aerospace applications. Accurate
analytical computation of the electromagnetic
characteristics in the permanent magnet motors is an
important tool especially for understanding, design,
optimization and maintenance. Over the past decade,
there has been dramatic increase in the number of
studies which have focused on magnetic field
prediction techniques on electrical machines. Among
those techniques, subdomain field models have
received particular attention. Various categories of

magnetic field prediction techniques are Consist of,
Lehmann’s graphical, Numerical (finite-element,
finite-difference, boundary-element, etc.), Equivalent
circuit (electrical, thermal, magnetic, etc.) Schwarz—
Christoffel mapping (conformal transformation,
complex permeance model, etc.), Maxwell-Fourier
model (consists of a nonlinear system of N analytical
equations solved analytically or numerically). At
present, Maxwell-Fourier technique, in comparison
with the other techniques, under certain geometrical
assumptions, have been found to be useful technique
for permit obtaining accurate analytical expressions of
the magnetic field and is known as fast for the
electromagnetic performance’s prediction and is one
of the most used analytic approaches with very
accurate on the electromagnetic performance’s
calculation. The Maxwell’s equations in Cartesian,
cylindrical or spherical coordinates, are solved by
using the separation of variables method and the
Fourier’s series. = Various positions have been
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advanced in the Maxwell-Fourier analytical models
are classified as follows table:

TABLE 7. MAXWELL-FOURIER ANALYTICAL MODELS
Model type

Description

Carter’s coefficient [1]

Multi-layer saturation coefficient [2, 3]

models
concept wave impedance [4]
convolution theorem[5]
Eigenvalues the method of truncation region Eigen
model function expansions [6]
Subdomain technique[l, 2, 7-17]
Hybrid the analytical solution combined with
models numerical methods [18]

nonlinear magnetic equivalent circuit[19]

tree method
These models are more focused on the

global saturation. Some details and
(dis)advantages of these techniques can be
found in [20].

subdomain
technique

An electrical machine is divided into subdomains and
the dominant equation in every subdomain is
accurately solved in the method of exact subdomain
analysis. The solvable subdomains in this method are
consisted of permanent magnets, air gap, and stator
core. Exact subdomain analysis method is used for
many electrical machines such as brushless PMs and
PMSMs. Rahideh and colleagues have proposed a
polar axis system for fields analysis of airgap,
windings and the distributed magnetic field in a no
sloted and brushles motor which operating under an
open circuit fault [21]. Koumar and colleagues have
suggested an improved analytical method for
calculating magnetic field distribution in an
BLDCJ[22]. on the other hand, electrical machines
have become more improved in order to identify
common faults. So, the technology of identifying
electrical machines faults in order to reduce or control
mechanical vibrations and to remove extra noise and
to enhance equipment in daily lives and industries are
considered in this area of study. Therefore, one of the
common faults in electrical machines will be
mentioned and then, the goal of this research will be
noted. Mechanical faults are the types which are
caused by flaws in the mechanical parts of electrical
motors, such as bearings. The occurrence probability
of these faults in electrical motors are between 45 to
55 percent and they are more common than other faults
to happen. These faults could be bearing or center
escape faults. This type of fault is called eccentricity.
In bearing faults, the main cause of machine damage
is related to the damage in bearing balls which have
different reasons, such as lubricant dirt, too much load
and so on. Bearing faults lead to many mechanical

effects in machines such as noise increase and
vibrations[23, 24]. The rotor and stator eccentricity
faults are because of mechanical reasons, their
symmetrical centers are displaced. Approximately 80
percent of mechanical faults lead to stator and rotor
eccentricity and of course this can happen at the time
of rotor production and installation as well[25].
Magnetic tensions cause by electromagnetic and
unbalanced magnetic forces and dynamic tensions
caused by axis problems and environmental tensions
caused by humidity and chemical products and sewer
tensions after production and installation and thermal
tensions caused by overload and mechanical tensions
caused by bearing damages are the main factors of axis
problems in permanent magnetic motors. The
eccentricity problems are even found in new motors
which is called natural and is acceptable up to 10
percent. Therefore, the least rate of this problem is 10
percent. The source of this natural eccentricity
problem which is an interesting, sensitive, fate
deciding and at the same time, very difficult topic is
neglecting when making and installing them[25]. This
can be divided into statical and dynamical. In
unbalanced statical axis or static eccentricity the rotor
rotates around itself which is not compatible with
stator geometrical axis. In unbalance dynamic axis or
dynamic eccentricity, the rotor is not focused and
rotates around stator geometrical axis. In fact there is
a third type of unbalanced axis which is a mixture of
the previous ones and we witness more of these faults
in practice. We call it blended unbalanced axis faults
or mixed eccentricity[26]. Vibration analysis,
ultrasound analysis, stator frequency or shaft visual
analysis can cause the damage in the outer perimeter
of the motor. Based on this issue, a lot of
comprehensive studies related to these problems could
be found[27-38]. Although there have been a lot of
valuable research about magnetic factors which are
based on some assumptions, it seems that there is no
comprehensive analysis in order to identify
mechanical and magnetic faults in motors. The
purpose of this paper is to present an Analytical
Predict the Electromagnetic Field Density in surface
mounted permanent magnet synchronous motors
(SMPMSM) based on a subdomain field model. In the
presented method, Maxwell’s equations have been
solved in different regions in pseudo-Cartesian
coordinates system taking into account the non-
homogeneous boundary conditions. The analytical
prediction is validated by corresponding finite-
element method. In this paper, which is one of a series
of four, a 2-d analytical method for predicting field
distribution in one SMPMSM is presented. In future
articles, we intend to study the effect of eccentricity on
the distribution of magnetic fields in all areas of the
motor.
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2. ANALYTICAL MAGNETIC FIELD
MODEL

2.1. Problem Description and Assumptions

Some assumptions are made in this paper, which are

usual in many models of the studies as follows:

1) The effect of stator slots and windings are neglected,;

2) stator and rotor iron permeability are specified in
both analytical and finite element models, and are
considered with a linear B-H curve;

3) end effects are neglected,

4) magnets having radially magnetized and a linear
second-quadrant demagnetization characteristic;

5) The magnetic field is analyzed in polar coordinates;

6) both the rotor yoke and PM surfaces are perfect
cylinders;

7) the axis of the rotor is parallel to the axis of the
stator;

8) the permeability of the stator and the rotor back iron
is specified.

9) eddy current and saturation effects are neglected

Fig. 1 shows the schematic geometry, subdomains and

Symbols of a surface mounted permanent magnet

synchronous motors (SMPMSMs) which is used for

analysis.

FIG. 1. GEOMETRIC CONFIGURATIONS, FOUR
SUBDOMAINS AND SYMBOLS

The magnetic field is produced by an internal rotor
which rotates about the axis O, with the angular velocity
of w.

The axis O, whirls around the axis Og with the angular
velocity of (0 .

The r-6 coordinate system is fixed to the stator center
O, while the p-y coordinate system is attached to the
rotor center O, and rotates about the axis O, with the
angular velocity of w (FIG. 2).

Other main parameters of the geometry are:R, , the
radius of the rotor yoke surface; Ry, the radius of the

>

Oy T

FIG. 2. CORRELATION OF COORDINATES ATTACHED TO
THE STATOR AND ROTOR

The field vectors B and H are coupled by relations as
shown in TABLE 8

TABLE 8. RELATIONS BETWEEN OF B AND H IN

DIFFERENT REGIONS
Regions description Constructive relationship
Regionl | Permanent magnets By = wolpHy + poM
Region2 Air gap ﬁz = Hoﬁz
Region3 Stator core Bs = polycHs
Region4 Outer region B, = uoH,

Where, |, is the air permeability, | is the iron relative
recoil permeability, ., is the PM relative recoil
permeability and M is the PM magnetization vector,
such that its direction dependent on the imparted
orientation and magnetization of the magnets.

the amplitude of the magnetization vector is B./|,. By,
is the residual flux density of magnets, and the
magnetization distribution is shown in FIG. 3.

Wheret,, is the magnet pole-arc, T, is the pole-pitch and
0 is the angular position with reference to the center of
a magnet pole.

Mg

By
0 L 0
-8B,
N S N
]
— —
I S o N S
|_Ttm I
| (%) | !

FIG. 3. RADIAL MAGNETIZATION OF MAGNETS

The field vectors B and H in all subdomains are by

PM surface; R, the radius of the stator inner B(r,8) = B,(r, )4, + Bo(r, 0)ag (1
surface; Ry, the radius of the stator yoke surface. H(r,0) = H,(r, 0)a, + He(r, 0)ag 2)
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Where, a, and a, are the normal vectors.

2.2. Governing Equations and Boundary Conditions
the whole domain of magnetic field can be divided into
four subdomains, Permanent magnets (Region 1), air
gap (Region 2), stator core (Region3) and Outer region
(Region4), As shown in FIG. 1.

the governing equations of the scalar potential
distributions for each subdomain in the r-8 coordinate
system, are:

Ap 10An 19%An _ 1 o 3)
a2 r or  r? 902 .y
%A, 10A, 1 9%Ay

or? r ar r2 002

“4)

=0 ,fori=2,34
Where, In polar coordinates, the magnetization M is
given by[15]

M = M,&; + Moas ®)

For radial magnetization, can be expressed in coordinate
as [1]:

- (6)
M, = Z M.(n) cos n® + Mg(n) sinn6

n
Mg =0 (7

Where
M.(n) = M, cos nwt ()
M (n) = M, sinnwt ©
_ B, _ (10)

M, = 4p — sin(nma,/2p)  n/p =135, ..

p is the number of magnet pole pairs, and a, is pole-arc
to pole-pitch ratio.

The field vectors, the flux density and the field intensity,
are written as TABLE 8. The radial component and
tangential component of the field intensity described by
the scalar potential are expressed as:

. ~ 9A _ 10A _ 11
(00 = VA 0) = -G + 1 207) (a

d0A 12
Hr(r,e)z-%A (12)
=--— (13)

Tt ="15
By = HoMrmHy + HoM (14)
Brl(rr 9) = WolrmHry + HeM; A (15)

= 'uourma_rl + P-OMr ;

10A 16
Bg1 (1, 8) = WolrmHe1 + HoMe = -Hokrm ?6_61 (16)
B, = woH, i = 2,4 (17)
04 . 18
Bri(rJ e) = IJOHri = 'uoa_rlrl =24 ( )
10A; 19
B_S)i(r' ) =EHGi =l ;6_91 =24 (19)
Bz = WokrcHs (20)

By3(r,0) = WotrcHrs = -Holirc 6_1‘3 ( )
104; 22)

Bg3(r,0) = WokrcHos = -Holirc F%

The surface of the rotor yoke and the interface between
the magnets and the air gap are, respectively, described
by[15]

frotor(r, ) =1-Rp = 0 (23)
1:magnet-gap(r' 8)=rRp,=0 (24)

The normalized vectors of these boundaries are
respectively, described by

Notor (1, 0) = Virgror = & (25
nmagnet-gap(r' 8) = Virotor = & (26)

The boundary condition along the surface of the rotor
yoke, the interface between the magnets and the air gap,
the interface between the air gap and stator, and the
interface between the stator and outer region, are
respectively, described by:

Nporor X Hy =0 (27)
Nmagnet-gap X (H;-Hp) =0 (28)
Nmagnet-gap- (B1-Bx) =0 (29)
Ngap-stator X (Hz-H3) =0 (30)
Ngap-stator- (B2-B3) =0 (3 1)
Ngtator yoke-air X (H3'H4) =0 (32)
Dgtator yoke-air- (B3'B4-) =0 (33)
N X (Hy) = 0 (34)
Nair- (B4) =0 (35)
The general solutions of above equations are given by:
(36)

A9 =3, (A(10) )" + B (m)r™ + M%:‘)r) .cosn@ +
5 (Cﬁo)(n)r“ + D@ (m)rm + M‘L%S:)r) .sinnd
(37
A = 3, (AP mrn + BO (n)rn). cosnd +
% (€ @)r + D (m)r ™) .sin

Also, i=234, n is the harmonic orders and
coefficients of A(lo)(n) - Aio)(n), Bio)(n) - Bio)(n),
c§°)(n) - Cf}o)(n) and Dgo)(n) — Dio)(n) are to be
calculated by the boundary conditions.

The boundary condition to the surface of the rotor yoke,
the interface between the magnets and the air gap, the
interface between the air gap and stator, and the
interface between the stator and outer region are
obtained by the following expressions:

oAy _ (38)
g IR =0
dAY _9AY) (39

P le=r,, = Wh:Rm
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0) 0)
1 2
'urma—;|r=Rm r=- a; |r—Rm
(0) (0
oy _9AY
30 00 g,
(0) (0
oAy A
dar re ar |r=Rg;
(0) (0)
A%, _ A%
08 Ir=Rso 08 Ir=Rso
(0) (0)
L _ A%
" or [r=Rso or [r=Rso
(0)
oAl _
00 Ir=R,
(0)
6A_Z4 =0
Or |r=g,

Using the above boundary condition, the following

expressions are obtained;
KIOAD 4+ KB = (0
K(zg)cio) + Ki‘l)Di") — YZ(0)
K(301)A(1°) + Kgg)BEO) + K(;;)A(ZO) + Kg%)Bgo) — Y3(o)
KOO + KD + KICD 4 kDO = 10
KOAD + kB0 + kDAY + DB = v
K(eg)ci()) + K(Bll)Dgo) + K(G(;)Cgo) + K(B%)Dgo) — Y6(0)
K70 A +Kog By + Koo AT +K37),BS” = 0
Ky C3” + Ky D3 + Kyt C” + Ky, DY = 0
K2 A + Kog By + Ko AT + K)oB5” = 0
th())?7c§0) + Kg%?SDg)) + Ki(())?llcgm + Kg.(())).IZ DgO)

=0

KiDoAS” + KiP10BE” + KiD13A + K, B,”
=0

Kioha €8 + Ki91,DE” +Ki9)sCi” + K9, DL
=0

K{ToAL + Ki310BE” +Ki313A + K35, BL”
=0

Kion G5 + Kig1,DS” + K315 C4” + K{DDS”
=0

© A0 4 © pO _
K15,13A4 + K15,14B4 =0
© O 4 O pO) _
K15,15(:4 + K15,16]:)4‘ =0

where the coefficients of AEO)(n), Bi(o)(n), Ci(o)(n) and
Di(o)(n) in ith region are Column vectors and
constructed in the same way, e.g. AEO) =
[AEO)(1),A§°)(2),---,A§°)(N)]T, N=np. is the
maximum spatial harmonic order considered in the flux

density ,and
K =K = diag(R,, R;%, -, R,")
K =K = diagR, ", R, 2, R, ™)

(40)
(41)
(42)
(43)
(44)
(45)

(46)

(47)
(48)
(49)
(50)
(1)
(52)
(33)
(54)
(55)
(56)

(57)
(38)
(39)
(60)

(61)
(62)

0 0 0 0 .
Kgl) = -Kgs) = K‘(l-3) = -Ki7) = dlag(Rm' Rmz, ...'RmN)

©0) _ (0 _ (0 _ 00
K32 - 'K36 - K44 - 'K48
= diag(Rm ", R, R )

Kgol) = Kég) = diag(urm' Zp-rmRm' ] p-rmNRmN-l)
0) _ (0
KSZ - K64 5 3 N1
= diag('urmRm- "ZUrmRm- y o MemNRy )
Kg%) = K«S>07) = diag(-l, -2Rp, -+, 'NRmN-l)
K® = K9 = diag(Rpn %, 2R %, -+, NRp V1)
K2 = -K{y = K = K, = diag(Rg, Rsi®, -, Re")
0 _ 0 _ (0 _ (0
K76 - 'K7,10 - Kss - 'K8,12
= diag(Rsi-l' Rsi-zr Ty Rsi-N)
1 1
0) _ ) _ 0 _ (0)
K95 - '_K99 - K10,7 - '_K10,11
Hrc Hre

= diag(1, Rg;, -+, Rg" ")

1 1
0) _ 0) _ (0 _ (0)
Kge = '_K9,10 = K10,8 =7 ™Mo012
H‘I'C p—rc
= diag(-Rg %, -Rgi >, -Rg ™ 1)
0 _ 0 _ @ _ (0
K11,9 - 'K11,13 - K12,11 - 'K12,15
© © =(d)iag(Rso'(Rsozr y RsoN)
0 0 0 0
Kit10 = Kit1a = Kigp = -Kigse
© © _ d(izl)g(Rsohl' RS((’-? - Rso™)
0 0 0 0
K13,9 = 'HrcK13,13 = K14,11 = 'HrcK14,15

= prcdiag(l, Ry, "')’ RsoN-l)

0 _ 0 _ g0 _
Kiz10 = “MrcKiz s = Kigio = -WecKigie

= prediag(-Rso % Rso 2, -+, Reo ™ )
Kg?w = Kg?ls = diag(R,, Rozr"'rRoN)
Kg?m = Kgg?lﬁ = diag(RO'l,Ro'z, - Ro_N)
Kg?w = KE(&S = diag(1, Ror"'»RoN_l)
Kg?,m = Kg?,lﬁ = -diag(Ro'z, Ro_3' " Ro_N_l)
Y1(0) =- Rr/l»lrm [MAc(l); MAC(Z)r y MAC(N)]T
YZ(O) =-Ry/Hrm [MAs(l)r Mps(2), -+, MAS(N)]T
Y = -Ron/Hem [Mac (1), Mac(2), =+, Mac (V)]
YL = - Rn/ e [Mas (1), Mag (2), -, Mag ()]
Y = [Mac(1) + Mc(1), Mpc(2) + Mc(2), -+, -Mpc(N)

+M(N)]"
YO = [-Myg (1) + Mg (1), -Mag(2) + M (2), -+, -Mps (N)
+ M (N)]"
M (n)Inr
Mac) =14 )
lc-nz n=2.3,"
Mg(n) Inr _
Mas(m) =4 5
7 n=23

M.(n) = M,, cos nwt

M(n) = M, sinnwt
After solving the system of equations (47)-(62),
Calculated the coefficients of Ago) (n), Bi(o)(n), Ci(o) (n)
,and Di(o) (n) in ith region and based on (36), (37) We
obtain the magnetic potential vector in all subdomains.
Then, with the help of relations (11)-(22), the density
vector and the intensity of the magnetic field can be
determined in all sub-domains.
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3. RESULTS AND DISCUSSION

The major parameters of the slot less PM machine in
TABLE. 9 are used to the magnetic field.

TABLE. 9. THE MAJOR PARAMETERS

parameter Value (unit)
R, 100mm
Ry 110mm
Airgap distance Smm
Stator thickness 70mm
Outer region thickness 70mm
Krm 1.05
[T 2000
Magnet remanence 12T
Magnetization type radial
Rated speed 400rpm
ap 1
p 4
Number of magnets 8

the flux density magnitude of the finite element
simulation at all sub domains given in FIG. 4. The
results show that, the distribution of the field in all
points is symmetrical.

FIG. 4. THE FLUX DENSITY MAGNITUDE OF THE FINITE
ELEMENT SIMULATION AT ALL SUBDOMAINS

The flux density distribution of the analytical model in
the all subdomains compared with the FE predictions for
the case of no rotor eccentricity are given in FIG. 5 -FIG.
8. As it is apparent in this figure, the prediction of the
flux density in all subdomains are well matched in both
the analytical model and the FE model, except for some
peak values which determined by the harmonic order N.

calculation of the flux density in ts reglon

1] 225 45 875 = 1] 125 135 1575 180
teta (deg)

FIG. 5. THE FLUX DENSITY MAGNITUDE OF THE
ANALYTICAL MODEL AND FE IN THE PMs REGION AT
R1 = (RR + RM)/Z

1 of the flux density In air gap reglon

0.2

1] 225 45 675 80 1125 135 157.5 180
teta (deg)

FIG. 6. THE FLUx DENSITY MAGNITUDE OF THE
ANALYTICAL MODEL AND FE IN THE AIRGAP REGION AT
R, = (Rg; + Ry)/2

04 of the flux density in stator core region

0.15
a

25 45 615 80 125 135 157.5 180
teta (deg)

FIG. 7. THE FLUx DENSITY MAGNITUDE OF THE
ANALYTICAL MODEL AND FE IN THE STATOR REGION AT
R3 = (Rgo + Rg1)/2

1o of the flux density in outer region

B4(uT)

o 225 45 675 a0 1125 135 157.5 180
teta (deg)

FIG. 8. THE FLUX DENSITY MAGNITUDE OF THE
ANALYTICAL MODEL AND FE IN THE MOTOR OUTER
REGION ATR, = Rgg + 1™
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4. CONCLUSION

A general two-dimensional analytical subdomain model
for predicting the field distribution of a SMPMSMs has
been established and validated by finite element
calculations in this paper. proposed model in search for
considers, the effect of the rotor eccentricity with the
help of the perturbation method, for calculate of field
distribution in the all subdomains, in the next study. the
magnetic field domain is divided into three subdomains,
viz. magnets, air gap, stator core (slot less), and outer
region. The model can be Modified to consider effect of
slotting on the field distribution. Although the method
has been applied to SMPMSMs it is equally applicable
to brushless permanent magnet ac motors. It is clear that
the results of the analytical prediction are in close
accordance with those realized by tow-dimensional
FEM. The results indicate that, the analytical model well
matches the finite-element prediction, except for some
peak values which determined by the harmonic order N.
In two respects, this finding makes an important
contribution to the improvement of earlier work. First, it
corroborates the findings of previous how found that the
subdomain model can accurately predict the open-
circuit magnetic field in surface-mounted permanent-
magnet machines. Second, it demonstrates that, the
magnetic field leaks out symmetrically and by
measuring it, the eccentricity fault can be detected.
Though this study provides evidence that Calculation of
leak fields plays a significant role in Detection of
Eccentricity Fault in PM machines, the reader should
note its limitations and the ways in which future
research might be enhanced. variables that was not
investigated her was the effect of stator slots, stator
windings and Electromagnetic noise of the environment.
There is clearly much room for further research in this
respect.
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