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ABSTRACT This paper presents an analytical model for predicting the magnetic field performance of
permanent magnet synchronous motor with permanent magnet cutting. In order to satisfy the boundary
conditions, the defective permanent magnet is equivalent to a double-layer sector permanent magnet, and
the size of the sector-shaped permanent magnet is determined, this process is obtained by an equivalent
magnetic circuit model. Then, the motor is divided into four sub-domains: inner sector permanent magnet
sub-domain, outer sector permanent magnet sub-domain, air gap sub-domain and stator slot sub-domain.
Under the boundary conditions, the analytical solution and harmonic decomposition of the air gap magnetic
flux density and cogging torque for several different permanent magnet cutting sizes under no-load condition
are obtained by solving the Poisson equation and Laplace equation with the method of separating variables.
The analytical model is verified by the finite element method. The results show that the error between the
analytical method and the finite element method is less than 6%, and the solution time of the analytical
method is only 0.59% of the finite element method, the chamfered structure proposed in the paper reduces
the cogging torque amplitude 35%. Therefore, this method can provide powerful help for the initial design
of permanent magnet motors.

INDEX TERMS Sub-domain model, cutting permanent magnet, magnetic circuit method, magnetic flux

density.

I. INTRODUCTION
With the development of rare-earth permanent magnet (PM)
materials, PM machines have attracted extensive atten-
tion by scholars. Compared with conventional machines,
PM machines have the superiority in reliable operation, high
efficiency, flexible shape and size. Therefore, PM machines
are widely used in aerospace, electric vehicles, industrial
production, agricultural production and other fields [1]-[5].
Designers pay close attention to the electromagnetic field
distribution in PM machines, which is very important to
design a PM machine with excellent performance.

The numerical method and analytical method are usually
used in this field. The numerical method, represented by
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the finite element (FE) method, can better solve the non-
linear phenomena and complex topology [6]. This method
has universal applicability. However, in order to obtain accu-
rate calculation results, it is necessary to divide the model
with detailed mesh [7]. Inevitably, the FE method is quite
time-consuming. The analytical method can provide physi-
cal insight to the motors, which usually analyzed from two
directions: magnetic circuit model and magnetic field model.
The magnetic circuit model establish the connection of mag-
netic flux, reluctance and magnetic potential by applying
Kirchhoft’s law according to the path of magnetic flux. The
magnetic circuit model mainly adopts the equivalent mag-
netic network method and the equivalent magnetic circuit
method [8]-[10]. However, these methods cannot analyze the
harmonic characteristics of motor magnetic field. If we want
to get more accurate results, we need to divide the magnetic
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circuit meticulously [11]. Therefore, this method is generally
used in rough calculation of magnetic field. The magnetic
field model mainly adopts the sub-domain method. This
method divides the PM motor into several sub-domains, then
obtains the Laplace equation or Poisson equation satisfied by
the magnetic position function of each sub-domain. This pro-
cess is derived from Maxwell’s equations. Therefore, the core
problem of this method is solving the differential equations.
The definite solution condition is the boundary condition
between the sub-domains [12]-[14]. The general solution
of Fourier series can be obtained by using the separating
variables method, and the result is very accurate [15], [16].
The difficulty of sub-domain method is establishing the spe-
cial structure sub-domain model and deal with the nonlinear
effect of magnetic circuit. In [17], [18], the auxiliary slot
structure, iron core protruding structure in PM motor are
treated respectively, and the FE method is used to verify.
In [19]-[21], the equivalent current method and the equivalent
air gap permeability method are used to solve the nonlinear
effect of magnetic circuit. The results show that the improved
method is more accurate. In addition, some magnetic field
model can be implemented without solving the Laplace equa-
tion. For example, the magnetic island method [22], the air
gap magnetic field modulation method [23], and the three-
dimensional magnetic field calculation model based on the
equivalent surface current of the permanent magnet [24].

In this paper, an improved analytical model for calculating
the magnetic field distribution and cogging torque of PM
motor is proposed. This method realizes the combination of
magnetic circuit method and magnetic field method, which
can be used surface-mounted PM motor with arbitrary angle
cutting degree. The main work of this paper is as follows:
In Section II, an improved analytical model is derived and
obtained. Firstly, the angular PM is equivalent to two fan-
shaped PMs, which is convenient to describe the magnetic
field and matching boundary conditions of the PM. Then
the air gap magnetic field distribution and cogging torque
is obtained by solving the sub-domain differential equation.
In Section III, the air gap flux density and cogging torque
are calculated using the analytical model, and the accuracy
of the algorithm is verified by the FE method. In Section IV,
the advantages of the algorithm are discussed in terms of
operation speed and accuracy. In Section V, we summarize
the work of the paper and draw the final conclusion.

Il. ANALYTICAL MODEL
The prototype model discussed in this paper is shown in
Figure.1. In order to facilitate analysis, the following assump-
tions are made:

(1) PM keeps linear demagnetization state;

(2) core permeability is infinite;

(3) ignore end effect and iron core saturation effect.

The specific parameters of the motor are as follows: R; is
the inner radius of PM; Rj3 is the outer radius of PM; Ry is the
inner radius of stator; Rs is the radius of the slot bottom; Rg
is the outer radius of stator.
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FIGURE 1. Model of surface mounted PM synchronous motor with pole
clipping.

Oy — =

FIGURE 2. Equivalent of PM.

A. PM EQUIVALENT

In the classic sub-domain model, the boundary must be a
standard arc [25], [26]. But the boundary of the contact air
gap is no longer a standard arc when the corner of the PM is
cut. Therefore, when establishing the sub-domain model, the
boundary cannot be expressed by the standard boundary con-
ditions, which will hinder solving the sub-domain differential
equations. Therefore, the PM should be properly equivalent.
In order to ensure the accuracy of the calculation results,
the equivalent PM should not destroy the original distribution
of the air gap magnetic field. Therefore, the defective PM
is equivalent to a two-layer sector PM. According to the
above principles, it is necessary to keep the polar arc angle
between the PM and the rotor iron core boundary, the PM and
the air gap boundary unchanged after equivalence [27], [28].
The schematic diagram of the PM equivalence is shown
in the Figure.2. Where « is the polar arc angle of the inner
boundary of the PM, «» is the polar arc angle of the outer
boundary of the PM, and R, is the inner diameter of the
outer PM. It is worth noting that R, is an important quan-
tity to be solved, and R; is solved by the magnetic circuit
method, the solution process according to the principle of
invariance of air gap magnetic field. Since the arc length dif-
ference between the inner and outer boundaries of the sector
PM is very small, the PM is further simplified in the mag-
netic circuit method analysis process, as shown in Figure. 3.
The equivalent magnetic circuit models of the pre and post
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FIGURE 3. Further simplification of PM.

equivalent PMs are established respectively, as shown in
Figure.4. The inner arc length /1 of the PM and the outer arc
length /5 of the PM are derived as
i =05(R +Ry)) o (1)
lh =0.5(Ry +R3) ap 2)

R

4

q)mr,ICD Rm,l o q)nz/“2N+1C> Rm,2N+1

(a)

(Dmr,[ 111 Rm,l 111 q) Rm,Il R

mr,IL

(b)
FIGURE 4. Equivalent magnetic circuit model of PM.

The defective PM is shown in the Figure.3(a), regions I
and III of the model are two right angled trapezoids, and
there is a big difference between the top and bottom. In order
to better describe the magnetic resistance in this region,
the infinitesimal method is used to divide regions I and III
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into N parts, as shown in the Figure.3(c), and the wide At of
the each PM is

I — I
AT =
EEEYY,

In region I, the height h,, magnetic resistance R, , and
magnetic flux @, , of the nth PM are

(n—1) (ha — hu)

3)

i = by + ———— )
S — (5)
" popyr ATL
Dyrn = ATLByy (6)

where hy, and hy; are the length of the upper and lower bottom
of the right-angled trapezoid, 1 is the permeability of vac-
uum, u, is the relative permeability of the PM, L is the axial
length of the rotor, B, is the residual magnetic flux density
of PM.

In region II, the height hy41, the magnetic resistance
Ry nv+1 and magnetic flux @, 41 of the N 4 1 th PM are

hyt1 = ha (7

R ha ®)
N+l = ——————
T o (= k) L

q)mr,N—H = (ll - 12) Ler (9)

In region III, the height sy 14,, the magnetic resistance
R N+1+n and magnetic flux @, y4+1 of the N + 1 + n th
PM are

hN+14n = hv—n (10)
Rm,N+1+n = Rm,an (11)
qur,N+l+n = (Dmr,N—n (12)

Ignoring the air gap between the poles, only the ring area
between the PM and the stator iron core is considered as
the effective air gap. According to the path taken by the
magnetic flux, the average air gap magnetic resistance R,
corresponding to a single pole can be expressed as

Ry — R3

R3+R.
Hno 32 4%L

R, = (13)
where p is the number of pole pairs.

The equivalent magnetic circuit model of defective PM is
shown in the Figure.4(a), which can be deduced according to
Ohm’s law of magnetic circuit
DPeRye
Rm,n

Don = Pirn — , n=1,...,2N+1 (14
Taking the sum of all the terms at both ends of equation (14)
and further simplify

2N+1
Z cbmr,n
n=1

—_— (15)
2N+1 R.
<1+ 2 Rmfn)

b, =

n=1
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The Figure.3(b) shows the PM after equivalent, and the
magnetic resistance Ry, 1 ;1 and magnetic flux ®,,, 1 in the
region I, III are

R =% (16)
JI =
" 0.5p0rL (R1 + Rp) (a1 — @)
D1 = 0.5 (R1 + R2) (a1 — a2) LBy, a7

The magnet resistance R, 11 and magnetic flux @, 1 in
the region II are

R Rs — R (18)
Al =

" 0.5u0urL (Ry + R3)

Dyt = 0.5 (R + R3) aaLByy (19)

The equivalent magnetic circuit of the PM after equivalent
is shown in the Figure.4(b), which equivalent air gap flux can
be deduced according to Ohm’s law of magnetic circuit

o — Dpr 111 + Py 11
8§ R, R,
(1+ s+ 75)

Ry 11

(20)

According to the principle that the air gap magnetic field is
invariable, it can be obtained by substituting ®, for <I>g, into
equation (20)

2 (P11t + Pyt — Pg)

r =
Hoptr PR L
| Ri+R) (1 —a2) | (Ri+R3)a @1
B Ry — Ry R3 — Ry

where I is the new defined amount to simplify of sub-sequent
reasoning.

By sorting out formula (21), the quadratic equation with R,
to be solved is obtained

T4R3 + TRy +Tc =0 (22)

where
2R 102 N 2R 1

Ta=T1 — — =
4 T Ri-R R —R

; (a1 —an)  (23)
I'p=— |:F (R1 +R3) — (R3 — Ry) (o) —a2)

(R1 + R3)?

—y et T

R3; — Ry
—2(R1R3 + Ry2Ry)
= - 24
R, — R, (a1 —a2) 24)
Ri(a1 —az)  (Ri+R3)a
Ry — Ry R3; — Ry

I'c = 2R1R3 [F —

_ 2R1R2R;

= - 25
%k, @) (25)
The discriminant A of the equation can be expressed as

4 (R1R3—RR2)? (a1 —a2)?
(R, — Ry)?

A=T3—4Tyc= >0 (26)
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In practical sense, R; is the positive solution of the equa-
tion, which can be expressed as

—T'g+ /T3 —4TaTc
27
2Ty

According to the above reasoning, when R; is calculated
according to equation (27), we think that the distribution of
the original air gap magnetic field is not destroyed. This paper
discusses the chamfering situation when h,, = 1.75mm,
o = 45°. Calculated by equation (27) Ry = 35.31mm. The
motor data required for the calculation process is provided
in Table.1.

Ry, =

FIGURE 5. The sub-domain model of PM synchronous motor after pole
equivalence.

B. SUB-DOMAIN MODEL

After equivalent treatment of PM, the solution model of
the motor is finally determined, and the cross-section dia-
gram is shown in Figure.5. The motor is divided into
four sub-domains, namely inner PM sub-domain I, outer
PM sub-domain II, air gap sub-domain III and stator open slot
sub-domain IV. The partial differential equations of vector
magnetic potential A in each sub-domain are derived from
Maxwell’s equation

V24 = —popd = o (V x i) (28)
where J is current density, M is magnetization.
According to the difference of sub-domains, the differ-

ential equation of vector magnetic potential A of each sub-
domain is simplified as

VZAI = —Uo <V X 1\711> , insubdomainI  (29)

VZAH = —uo <V X A_;III> , in subdomain II  (30)

V2Am
VA = —pordiv,

0, in subdomain III 3D
in subdomain IV (32)

142807



IEEE Access

L. Gao et al.: Improved Analytical Model of Magnetic Field in Surface-Mounted PM Synchronous Motor

Taking radial magnetization as an example, the radial mag-
netization M;- and tangential magnetization M;y of the ith
sub-domain can be expressed as [29]

Y. Mincos[n(© —6n)]

Mir =
n/p:ééls.“ P= LI
My = Z Mgy sin[n (6 — 6,)],
n/p=1,3,5...
(33)
4pB T
My, = PImr in AT pi )
’ njoI 2p i=110I (34)
Mg, =0,

where 6, is the center position angle of N-pole of PM,
ap; is the pole arc coefficient of the PM in the i-th
sub-domain.

In 2-D plane analysis, B has only tangential compo-
nent and radial component, which leads to A having only
z component

Al =A1(r.0) .,
An = An (r,0) - &,
Am = Am (r,0) - &,
A = A (r,0) - &,

in subdomain I (35)
in subdomain II (36)
in subdomain III 37
in subdomain IV (38)

In order to simplify the derivation process, two functions
are defined [30]

P (x,y) = (x/y)°+ (v/x)° (39)
Q: (x,y) = (x/y)° — (/) (40)

In the sub-domain I, Ap(r,0) satisfies the differential
equation

9’Ar  10Ar 1 0%A1 o OMy,
arz rar  r2 902 r 96 41)
RI<R<R),, 0<6<2m

where er is the radial magnetization of the inner PM.
The boundary condition between PM and rotor iron core is
satisfied

0A]

. =0 (42)

r:R]

The general solution of Poission equation is

P
Ax(r, 0) = ZAI,, (g RI)C 0s(nd)

+Zc1n ”(ZLR S sin(nf) +n (r.8)  (43)

n

where 7 (r, 0) is the special solution of equation (41), it can
be expressed as

n(r,0) =) X, (r)sin[n (6, — 0)] (44)

n=1
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where X, (r) can be expressed as

R (R " ’ /
X (r) = |:7 <—> o (RY) + 1y (r)]

P R R1\"
R IGEINA [ (R—‘) F{RD) + 5,y (Rz)]
2

Py (R2, Ry)
(45)
4B,p . (nmw
1= (l — n2) -r-sin (Zap]) )
n/p=1,3,5...
2pB; . [ nw
=4 — e rinr - sin (Zalﬂ) , (46)
n=p=1
0,
else

In the sub-domain II, Ay (r, 0) satisfies the differential
equation

An | 10An | 1 8°An _ po dMuy
a2 U rar 2902 r a0 (47)
Ry <R<R;, 0<6<2n

The general solution of Poisson equation is

Pn(r,RZ) )

"Py(R3, R>)
Ry Qu(r,R3) Py(r,R)
* Z (C“" n P (Rz,R3>+D“‘”Pn<R3,Rz>>
X sm(nQ) +&(,0) (48)

o]

Ry Ou(r,R
An(r,0)= Z (AH n2 I’Q(gz, 1333)) o

n=1
X cos(n@)

where & (r, 0) is the special solution of equation (47), it can
be expressed as

£(r.0) = Z Yy (r) sin[n (6 — 0)] (49)

n=1

Ry (R> .
Yy (r)—[n (7) g, (R2) + g, (f’)}

P,(r,R2) [Ry (R2\"
i L (1) S0 g
n )
(50)
4B . (nm
ﬂl—:pnz)'r'sln<5ap2>vn/p: 1’3’5
— 2pB
8n (1) _Por -rlnr-sin(Z—nOlpz),’l:P:l el
nmw P
0, else

In the sub-domain III, Ay (7, ) satisfies the differential
equation

?Am  10Am 1 0%Am
a2 r ar 2 902 (52)
R3<R=<Ry, 0<6=<2m
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The general solution of Laplace equation is

Amn(r, 9)
_ Z[ HInR3 Pu(r, Ry) P Pu(r, R3) :|
o On(R3, R4) n On(R4, R3)
R3 P,(r,Ry)

- COS (fl@) + Z [CI[I n m

n=1

Py(r,R3)
Qn(R4, R3)

In the sub-domain IV, Apy (7, ) satisfies the differential
equation

+ Dm n— } sin(nf)) (53)

?Arvi | 10Aw: | 1 0*Awyi 7.
o> T rar 2 a2 M (se
Ry=R=<Rs, 6;=0=<6i+p

where J; is the current density of i-th slot, 6; is the initial
position angle of i-th slot, and 8 is angle occupied by notch.

In this sub-domain, the contact boundary between the slot
and the stator core meets the requirements

0A1V ;
IV, =0 (55)
ar r=Rs
0A1y i _ 0A1y i _0 (56)
36 Jo—g, 30 lo=g+p

The general solution of Poisson equation is simplified as

Ry (r, Rs)
Apv,i(r,0) = ZAIVzmﬁ /o7, RS,
mi Qumr/p(Ra, Rs)

- COS <7 (O 9,')) +¢(r,0) (57)
where ¢ (r, 0) is the special solution of equation (54), it can
be expressed as

1 1
£ (r,0) = Awv.i0+ HoJ; (R% Inr — Erz) (58)

C. INTEGRAL COEFFICIENT
The general solution of the vector magnetic potential of
each sub-domain is derived from the sub-domain model. The
undetermined coefficients need to be solved by boundary
conditions, which are the continuity of the vector magnetic
potential and the continuity of the tangential magnetic field
intensity.

At the interface of sub-domain I and sub-domain II, the
boundary condition is

ARy, 0) = An(Ry,
0A] _ 0Ar
or |,—g, - or

0), 0<6 <2n (59)
, 0=6=2n (60)

r:R2

At the interface of sub-domain II and sub-domain III, the

boundary condition is
An(R3, 0) = An(R3,0), 0<6 <2n (61)
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0AY
or

_ 0Am

, 0<6<2r (62

r=R3 or

r=R3
At the interface of sub-domain III and sub-domain 1V, the

boundary condition is

ARy, 0) = Arv,i(R4, 0), 0; <
dAm _ A,
or |,—g, o

0=<6+p (63)

, 0i<0<6;+8 (64

r:R4
Combining with formula (43), (48), (59) we can get

Ry Oy (R2, R3)

2
Ay, = — An(Ry, 0 0)do = A
Ln / 1(R2, 0) cos(nd) Ln— P, (Ro.R3)

+Bin + Yy (R2) sin (n6,) (65)

R On (R2, R3)
n P, (R2, R3)

2
Py (R3, Ry)

2
Crn = —/ An(Ra, 0)sin(n6)d0 = Cr,—

2
Dyp,———— +Y,(R ) 66
+ "‘”P,,(Rg,Rz)+ n (R2) cos (n0,) (66)

Combining with formula (43), (48), (60) we can get

1 (27 3A;
Anp = — — cos(nf)do
T Jo ar r=R,
n On (R2, Ry) , )
=Ap—————+ X, (R 6 67
R2P R, Ry) + X, (R2) sin (n6,,)  (67)
1 (27 3A; ,
Ciip = — — sin(n®)do
T 0 3}’ —RZ
n Qn (R27R1) /
= — = - X' (R 6 68
L Py (Ry. R) » (R2) cos (n6,,) (68)

Combining with formula (48), (53), (61) we can get

1 2
Buy=— / Ami(Rs, 0) cos(nf)d6
T Jo

A R3 Py (R3, R4) B Ry 2 69)
11, ————+By, —_—
"n Oy (R3,R4) "1 On(Ra, R3)
1 211
Dy, = = / Am(R3, 0)sin(nd)do
R3 P, (R3, Ry4) Ry 2
=Cipp— = 4Dy y— —————  (70)
"'n Qu(R3, Ry) "1 On (R4, R3)

Combining with formula (48), (53), (62) we can get
cos(nd)do

1 [% 8An
Anqp = — -—
T Jo ar r=R;

Ry 2

n 0, (R3, R2)
R3 Py (R3, Ry)

2
8AH
Cin = — /

= CIIn

+ B~ + Y, (R3) sin (n6,,) (71

sin(n6)do
r=R3

R3 Py (Rz, R3)

2@ R) Ly (Ryycos () (72)
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Combining with formula (53), (57), (63) we can get
1 2 1>
Arv,io + 5#015(1% InRy — §R4)
1 [ot+8
= —/ Am(Ry, 0)do
B Jo,

ad 2R3 2 2R4 P, (R4, R3)
=Z Alln— B —7 55 %~
- nB O (R3, Rg) nf On (R4, R3)

X M (n, i)

o

2R3 2 2Ry Py (R4,R3)]

+ 3 G = e A D g

Zl |: e nB O (R3, Ry) ) nB O, (R4, R3)
X N (n, 1) (73)
:3R4 Pmn/ﬂ(Rélv RS)
mit Qmzn/g(Ra, Rs)

2 [(OtP mm
= E [; Am(Ryg, O)cos (7 0 — 9,‘)) do

AIVzm

ad 2R3 2 2R4 P, (R4, R3)
= Z [AIII n— —————+Br,— —]
et nf On (R3, Ra) nB On (R4, R3)
x F (m,n, i)
2R3 2 2Ry Py (R4,R3)]
+ Clpp ——= 4 Dy o 22 05
X}[ 0B Ou(Rs.Ra) " nB O (Ra. R3)
x G (m, n, i) (74)

Combining with formula (53), (57), (64) we can get
1 &

;s 0i+pB ALY ;
B, = — Z/ —
i=1 70 or

= Z Holi (—4 — R4)M (n, 1)
+ Z Z @F (m, n, i) (75)

i=1 m=1

cos (n0) do
r=R4

1 i/'e’*ﬁ ALV i
T 0 ar

i=1
Oy

/’LOJt

+ Z Z @G (m, n, i) (76)

i=1 m=1

Oitp mrw
F(m,n, i = / cos (nf) cos [7 @ — 9,~):| de (77)
0;

Dy, =

sin (n9) dO
r=R4

Oith mm
G(m,n, i) = / sin (n@) cos [7 @ — 9,'):| do (78)
0;
0i+8
M (n,i) = / cos (nd) do (79)
0;
0i+p
N (n,i) = / sin (n0) d6 (80)
0;

142810

A linear system of equations with large order is obtained by
simultaneous equations (65)-(76). The equations are written
in matrix form

LX =R 81

where L is the coefficient matrix of the equations, X
is the solution vector composed of undetermined coeffi-
cients in the general solution of the sub-domain equation,
and R is the additional vector, which is usually the addi-
tional effect produced by the special solution of Poisson
equation.

For the convenience of description, L, X, R is written in the
form of block matrix, as shown in equation (82)-(84) at the
bottom of the next page, where the submatrix / is the identity
matrix, and the elements in the other submatrixs are given by
equation (85)-(112).

Iysen = diag (D (85)

10— dia (_&M) (86)

xN n P, (Ry, R3)

Ly =diag ( #> &7

Py (R3,R2) /i
(3) " M)

Ly, = diag ( R, Pr (R R1) o9
Lo R3 P, (R3,R4)> 89
Lysn g( n On (R, Ra) N &

LS _dia ( Ry ) 90

xN a8 n Qy (R4,R3) N o

1O g g( ) O
NxN = R; P, (Rz,Rs) N
o n O, (R3, Ro)

Ly =diag ( R3 P, (R3,R2))N o2

Faen(2229
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(7 2R4 Py (R4, R3) G (k. n, q)

QN = (_ B On(ReRs) )Mw (102
Lok g,k = diag <%—ZZ ’Z ((2 2 ; )Q;K (103)
R(ll;N = (Yn (R2) sin (n0n)) 1 x (104)
RY)y = (Yn (R2) €S (m60)) 1y (105)
RY) = (=X, (Ry) sin (0m)) | . n (106)
Ry = (X, (R2) cos (), (107)
RY)y = (¥ (R3)sin (n6)), (108)
RSy = (Y (R3) cos (n6)), (109)
Os
ROv=( Mzo—f (2—5 - R4> M (n, q) (110)
7= 1N
W= (2 L (ﬁ—f - R4> Neg | am
7= IxN
Do, = (—%quq <R§ InRy — %Rﬁ)>1xg (112)

D. MAGNETIC FIELD CALCULATION

The integral coefficients of vector magnetic potential in
each sub-domain are obtained by matrix equations(81), and
the tangential and radial components of magnetic induction
intensity in polar coordinates can be expressed as

0A

B
o or

(114)

Finally, the analytical expressions of radial and tangential
air gap magnetic density are obtained

By (Rair ’ 9)

- i <AHI,n£M+B Ry M)
n=1

= MLn 75—
Rauir On(R3, Ra) "Rair On(R4, R3)
X sin(nf)
o0
R3 P,(R, i, R R4+ P,(R,y, R
+ Z (CHI,n 3 n( air 4) n 4 n( air 3))
=1 Rair Qn(R3»R4) Rair Qn(R4a R3)
x cos(nd) (115)

Bing(Ryir, 0)

- R3 Qu(Ruir. R4) Ry Qu(Rair. R3)
=- Z Alln——+——+Buino—————
=1 Rair Qn(R3 ) R4) Rair Qn (R47 R3)
x cos(nf)
o0
R R, R R R, R
_ Z (CIII,n 3 Qn( air 4) +DHI,n 4 Qn( air 3))
n—1 Rair Qn(R3 s R4) Rair Ql’l(R47 R3)
X sin(nf) (116)

where R, is the air gap radius, the value of R,;, is the average
of R3 and Ry.

Using the Maxwell stress method, the cogging torque can
be expressed as

194 LRZ 2
y=—— (113) Teog = —- Buir (Rair, 0) Biio (Rair, 0) d6 - (117)
r 06 ko Jo
vy 0 LYL, LY 0 0 0 0 0 0 0 0
0 Ivxy O 0o LY.y LYy 0 0 0 0 0 0
L)y 0 —Iyxy O 0 0 0 0 0 0 0 0
0 LYy 0 0 —Iyxy O 0 0 0 0 0 0
0 0 0 Iyxv 0 0o LY.y LY.y, 0 0 0 0
L] o o 0 0 0 Iyxy O o LYy LY.y 0 0 )
o o LY, LV, o 0 Iyxy O 0 0 0 0
0 0 0 o Lo, LY, o 0 Iy O 0 0
0 0 0 0 0 0 0  Iyav O 0 0 L;\Z)szK
0 0 0 0 0 0 0 0 0 v 0 LQog
10 (11 (12) (13)
0 0 0 0 0 0 LQSXN LstN LQSXN LQSXN 1o %0, 0
(14) (15) (16) 17 (18)
0 0 0 0 0 0 LQSK xN LQSK XN LQSK XN LQXK xN 0 LQ;KXQ;K
T
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T
— (1 (2) (3) 4 (5) (0) (7 (8) 9)
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TABLE 1. Units for magnetic properties main parameters of prototype
machines.

Parameter Quantity Value
Outer radius of rotor(mm) Ry 335
Outer diameter of permanent magnet(mm) R3 37
Stator inner diameter(mm) Ry 37.5
Outer diameter of notch(mm) Rs 50.914
Stator outer diameter(mm) Re 60
Rated speed(r/min) N, 1500
Number of stator slots(-) 0 24
Number of pole pairs(-) P 2
Rotor initial position angle(-) & 45°
Remanence density of permanent magnet(T) B, 1.1
Polar arc coefficient(-) a, 0.7
Notch angle(-) 8°

=
=

a=0°
hm=0mm

o
S

Analytical a=0° —— Analytical
B o FE S hm=0mm o FE
0 R — R 0

=
S

Radial Airgap flux density(T)

Tangential Airgap flux density(T)

o 90 180 270 360 180 270
Rotor position (Mech. Deg) Rotor position (Mech.Deg.)

@ (b)

360

FIGURE 6. Air gap magnetic density without chamfering: (a) Radial
component; (b) Tangential component.

So far, the analytical solution of the air gap flux density and
the cogging torque considering the PM cutting is obtained.
The algorithm will be verified in Section III.

IIl. ANALYTICAL CALCULATION AND FE VERIFICATION
OF NO-LOAD MAGNETIC FIELD

Taking a 4-pole 24 slot surface mounted PM motor as an
example, the air gap flux density are calculated by the pro-
posed analytical method, and the analytical method is verified
by two-dimensional FE method. The basic design param-
eters of the prototype are shown in Table.l. It should be
noted that in the actual calculation of the general solution
of the sub-domain equation, the harmonic number can only
be taken to a finite degree, the parameter N is the max-
imum harmonic order of the vector magnetic potential in
sub-domains I, IT and III; the parameter K is the maximum
harmonic order of the vector magnetic potential in the sub-
domain IV. and the values calculated in this section are
N =100 and K = 25.

The calculation result of magnetic field distribution before
chamfering is shown in the Figure.6. The results show that
there are four inward concave spikes in the radial flux density
waveform in each half cycle, which reveals that the slotting
effect is the main reason for the distortion of the air gap
magnetic field waveform of the PM motors, and each arc
covered by the PM contains four slots, So the number of
spines is four; The Figure.8 compares the distribution of
air gap magnetic field when motor chamfering parameters

142812

=

I Analyticall
I FE

o
=
2

ad gnitude
= B

Tangential Magnitude
S S

Radial Mag

o

o
o
s

s
3
8

1 3 5 7 9
Harmonics

(2)

FIGURE 7. Harmonic decomposition of air gap magnetic density without
chamfering: (a) Radial component; (b) Tangential component.
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FIGURE 8. Air gap magnetic density with chamfering: (a) Radial
component; (b) Tangential component.
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FIGURE 9. Harmonic decomposition of air gap magnetic density with
chamfering: (a) Radial component; (b) Tangential component.

a = 45°, h,, = 1.75mm. The results show that the radial
air gap flux density after chamfering tends to bulge out at the
edge of the PM, which is the influence of the PM chamfering
on the air gap magnetic field; The analytical method is close
to the FE method in both the fluctuation trend and the peak
value. The Figure.7, Figure.9 are the harmonic decomposition
graphs in two cases. Obviously, the harmonic components in
two cases are also very consistent. On this basis, the Maxwell
tensor method is used to calculate the cogging torque in two
situations. The Figure.10 compares the results of the cogging
torque obtained by the analytical method and the FE method.
The cogging torque calculated by the proposed algorithm
is very close to the FE method. In addition, the calculated
peak cogging torque without chamfering is 745.5 mNm, and
the peak cogging torque after chamfering is 438.4 mNm,
which shows that the proposed permanent magnet chamfering
structure can weaken the cogging torque effectively.

IV. DISCUSSION ON THE SPEED AND PRECISION OF
ALGORITHM OPERATION

In the partial enlarged view of Figure.6 and Figure.8, it can be
roughly seen from the visual effect that the analytical method
is accurate, but the data that can reflect the error is often more
convincing. In statistics, the root mean square (RMS) is usu-
ally used to compare the errors between data. But the value
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FIGURE 10. Cogging torque for diffierent conditions: (a) o = 0°,
hm = 0mm; (b) o = 45°, hm = 1.75mm.

involved in the calculation is usually discrete. Therefore,
the air gap magnetic density harmonics in several situations
are decomposed, as shown in Figure.7 and Figure.9. The
formula for calculating the RMS can be expressed as

> (ma (i) — mp (i)
> mp (i)

RMSuirgap = (118)

where my4 (i) and mp (i) are the amplitude of the i-th harmonic
air gap flux density respectively by analytical method and FE
method.

TABLE 2. Error estimate of electromagnetic quantity.

Parameter Quantity RMS

0 B.(R,.0) 0.0242
a=0%h, =0mm

By (R,.0) 0.1585

o =45°,h, =1.75mm B, (R,y,0) 00522

B,(R,;.0) 0.1998

The RMS in several situations is obtained from equa-
tion (118), as shown in Table.2. When ¢ = 0°, h;, = Omm,
the RMS of the radial air gap magnetic density is 0.0242,
the RMS of the tangential air gap magnetic density is 0.1585;
When o« = 45°,h,, = 1.75mm, the RMS the radial air
gap magnetic density is 0.0522, the RMS of the magnetic
density of the tangential air gap is 0.1998. Obviously, Data in
the Table.2 can intuitively reflect that the error between the
improved analytical method and the FE method is very small.
This shows that the calculation accuracy of the analytical
method is very high.

TABLE 3. Calculation time of analytical method and FE method.

Quantity EFA Analytical

Processor Intel(R)Core(TM)i3-7100@3.9GHz
8.00GB

64bit Windows Operating System

Running memory

Operating system

Computing time 845s Ss

On the other hand, the calculation speed of the algorithm
can better reflect its application value, because the FE method
is generally time-consuming. The two methods are respec-
tively applied to two computers of the same model. The

VOLUME 9, 2021

hardware properties of the computers and the calculation
time of the two methods are shown in Table.3. The results
show that the calculation speed of the analytical method is
only 0.5917% of the FE method. In summary, the analytical
method proposed in this article has excellent performance in
terms of accuracy and speed.

V. CONCLUSION

This paper presents an improved analytical method for pre-
dicting the magnetic field performance of PM motor with PM
cutting. This method realizes the combination of magnetic
circuit method and magnetic field method. According to the
same pole arc angle and the principle of magnetic field invari-
ance, the defective PM is equivalent to a two-layer sector
PM, which can better match the boundary conditions. In the
equivalent analysis model, four sub-domains are established,
and the Poisson equation or Laplace equation is solved by the
method of separating variables. The FE results show that the
method has high accuracy. In addition, the solution time of
the analytical method is 5s, and that of the FE method is 845s,
which shows that the analytical method has a huge advantage
in terms of operating speed.

It is worth noting that it is assumed that the iron core is not
saturated in this study, and the accuracy of the results is high.
In spite of this, the high-precision and high-speed algorithm
studied in this paper is still helpful to the motor designer,
so the work in this paper is meaningful.
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