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Abstract: Setting auxiliary slots in the stator teeth of an intcrior permanent magnet syn-
chronous motor (IPMSM) can effectively improve fize ¢iatsoution of the main air gap mag-
netic field and reduce the cogging torque and torgue ripple. However, the introduction of
auxiliary slots increases the complexity of tiidwnain magnetic field distribution and makes
modeling and analysis more difficult. This paper proposes a magnetic field modeling and
analysis method for an IPMSM with stator slots-based on the exact subdomain method. The
stator auxiliary slot parameters are incdrporated into the subdomain model, and based on
the conservation principles of thelecti®raagnetic parameters of the permanent magnet (PM)
material, the interior V-type PN@poies arel equivalently transformed into U-type poles with
regular boundaries, thereby_eftcytively improving the magnetic field modeling accuracy of
the stator slotted IPMSM. Cotipaiative analysis using the finite-element method shows that
the analytical resu’*s ofithe proposed model have high accuracy. After stator slotting, the
cogging torque of thcimoto' is significantly reduced, and the output performance is mark-
edly improved. This resZarch method provides a sound theoretical basis for the magnetic
field analysis and electromagnetic design of motors with complex topological structures.
Key words: auxiliary slots, interior permanent magnet synchronous motor, no-load air gap
magnetic field, subdomain analytical model

1. Introduction

The interior permanent magnet synchronous motor (IPMSM) is widely and extensively used
in new energy vehicles, industrial automation, aerospace, and other related fields due to its
significant advantages, such as high-power density, high efficiency, and strong flux-weakening
capability [1-3]. Among them, the V-type IPMSM has the advantages of a relatively simple
structure, high magnetic utilization, and strong mechanical safety. However, it still suffers from
insufficient sinusoidality of the air gap flux density waveform, a high distortion rate, and
relatively large cogging torque. Opening auxiliary slots in the stator can change the local
magnetic circuit path, optimize the distribution of the air gap magnetic field, reduce the
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waveform distortion rate, and effectively weaken the cogging effect [4—6], which is an effective
means of ameliorating the above issues.

Stator slotting affects the magnetic field distribution in the stator teeth as well as the
permeance and flux density distributions in the main air gap, thereby leading to a more complex
main magnetic circuit and making magnetic field analysis more difficult. At present, the finite-
element method (FEM) is widely used for magnetic field modeling and analysis of stator slotted
motors and for optimization analysis of slotting parameters. Although the FEM has high
accuracy, it involves high modeling cost and long preprocessing time for complex topological
structures [7]. Compared with the FEM, analytical methods offer the advantages of high
computational speed, clear physical interpretation, and convenient parameter analysis and
optimization. Therefore, it is important to develop an analytical model that can accurately
characterize the magnetic-field behavior of complex topologies while maintaining high
computational efficiency. Among existing magnetic-field analySis. methods, the equivalent
magnetic-circuit method is simple to implement and has a clear phvsieal interpretation, but it is
inadequate for describing complex slot geometries and air gay fluxt’ density harmonics [8]. The
equivalent magnetic-network method can account for logaPmageictic saturation, but its modeling
and iterative solution procedures are relatively complieated.[9]. The conformal-mapping method
can analyze slotting effects, but its analytical treatigen? becomes difficult when dealing with
complex boundaries, such as interior V-type pcrmameat magnets (PMs) and auxiliary slots [10].
In contrast, the subdomain method (SM) enables the efficient solution of complex motor
magnetic fields through regional decompotition, analytical solution of the governing equations,
and boundary-condition matching. It cair\ accurately describe the complex magnetic-field
distribution caused by slotted strugfures jwhile maintaining high analytical efficiency [11].Many
studies have been carried Qut by 1secrchers at home and abroad on the application of the SM to
the magnetic field solutidn o€ pelsnianent magnet synchronous motors (PMSMs). Reference [12]
established a relatively complete subdomain model for a surface-mounted permanent magnet
synchronous motor (SPMSM), obtained the analytical expressions of the magnetic field in each
region, and provided an analysis framework. Reference [13] took a high-speed SPMSM as the
research object, realized fast magnetic field modeling, and analyzed the magnetic field
distribution and basic electromagnetic performance of the motor. Reference [14] considered the
influence of no-load leakage flux in the model calculation, thereby enhancing the engineering
application value of the SM. With the continuous advancement of SM research, its applications
have gradually expanded to the IPMSM and have been widely applied to the analysis of V-type
IPMSM. Reference [15] established an analytical magnetic field model for a rotor-slotted
surface-inset permanent magnet motor, while the simplification of the stator slot structure affects
the accuracy of the model. Reference [16] established an analytical magnetic field model for a
rotor-slotted IPMSM, however, the generality of the model is limited by structural assumptions
and applicable conditions. Reference [17] applied the subdomain model to the IPMSM with a
high saliency ratio, providing a clearer description of its electromagnetic characteristics.
Reference [18] developed a model for a V-type IPMSM based on segmented magnetization
modeling of PMs, providing a new analytical approach, although the model accuracy still
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requires improvement. Reference [19] constructed a subdomain model for an IPMSM through
rotor reconstruction and magnetic flux equivalence, thereby reducing the difficulty of direct
modeling. Reference [20] established an analytical model of the no-load air gap magnetic field
for a V-type IPMSM, improving the solution accuracy of the model.

Current SMs for IPMSMs commonly approximate the interior PMs as surface-mounted
magnetic poles. However, this equivalent treatment cannot adequately represent the actual
geometric boundaries of the interior magnets or their local magnetic-field characteristics, thereby
limiting the model accuracy. Moreover, existing SMs have paid relatively little attention to
auxiliary slots in the stator of permanent-magnet motors, and their effects on the local air gap
permeance and magnetic-field distribution have not been fully considered during modeling.
Therefore, this paper proposes a subdomain analytical model for an IPMSM considering stator
slotting, in which the stator auxiliary slot parameters are incorporated into the model, and the
interior V-type PM poles are equivalently transformed into U-type poies with regular boundaries
based on the conservation principles of the electromagnetic parameters of the PM material,
thereby effectively improving the magnetic field modeling a¢Curacy-of the stator slotted IPMSM.
The analytical expression of the main air gap flux density*comslering stator slotting is derived,
and the FEM is used for comparative analysis and performasice verification.

2. The anaiyviea! model

This paper takes a Toyota Prius V-type IPMSM as the research object. To optimize the air
gap magnetic-field distribution, reduce uie cogging torque, and facilitate the subsequent
formulation and solution of the anlyticat nfodel, sector-shaped auxiliary slots symmetric about
the centerline of each stater toptinare’introduced at the stator tooth tips. The basic performance
parameters of the statoxsloited ®WMSM under study are listed in Table 1, and its structure is
shown in Fig. 1.

Table 1. Parameters of V-type IPMSM

Parameters (unit) Value Parameters (unit) Value
Number of pole pairs 4 Rated/peak power (kW) 30/50
Number of stator slots 48 Rated/peak torque (N-m) 191/400
Rated speed (r/min) 1500 Stator and rotor core material M19_29G
Direct current bus voltage (V) 500 PM material N36Z 20
Permanent-magnet span angle (°) 35 Rated frequency (HZ) 100
Auxiliary slot angular width (°) 2 Aucxiliary slot depth (mm) 0.2
Angle between the auxiliary-slot

centerline and the stator tooth cen- 1 Air gap length (mm) 0.75
terline (°)

Permanent-magnet thickness (mm) 6.5 Permanent-magnet width (mm) 16
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Fig. 1. Structure of the stator slotted [IPMSM and schematic diagram of stator slotting

As can be seen from Fig. 1, the stator auxiliary slots are arranged on the inner side of the
stator teeth, and auxiliary slots are introduced on both the left andwrigiit sides of each stator tooth.
The two auxiliary slots are symmetrical about the radial centerliiic df the stator tooth.

2.1. Equivalent treatment of the rotor structure

To avoid complicated subdomain division and bdundary condition treatment, the V-type PM
structure is equivalently transformed into a iatéally inagnetized structure and a tangentially
magnetized structure [21-22], as shown in Fig. 2:
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Fig. 2. Structure of the V-type IPMSM before equivalence (left) and after equivalence (right)

As can be seen from Fig. 2, the span angle of the PM remains unchanged. According to the
principles of magnetic flux conservation and magnetomotive force conservation, the equivalent
relationship satisfies the following equation:

2Brl,, = 2B} (R,, —R,) + (6 — 2B8)B!R,
Rr—Rq

B=—"" , (M
hyBr = 3BY(Rr — Rq)
where: Br and B! are the remanent flux densities of PMs before and after equivalence,

respectively, and the remanent flux densities of the equivalent radially magnetized and
tangentially magnetized PMs are the same. R, and R, are the outer radius and inner radius of the
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equivalent radially magnetized PM, respectively, and § is the span angle of the equivalent
radially magnetized PM. § is the central angle occupied by the two PMs, 4, is the thickness of
the V-type PM, [, is the width of the V-type PM, and R,, is the outer diameter of the motor
rotor.

The motor is divided into six subdomains: the tangentially magnetized permanent-magnet
subdomain (Subdomain I), the radially magnetized permanent-magnet subdomain
(Subdomain II), the air gap subdomain (Subdomain III), the sector auxiliary opening slot
subdomain (Subdomain IV), the stator slot opening subdomain (Subdomain V), and the stator
slot subdomain (Subdomain VI). The subdomain model of the equivalent permanent magnet
motor is shown in Fig. 3.

Stator Slot Subdomain (Subdomain V1)
Stator Slot Opening Sube'@iigin (Subdomain V)
sh Sector Auxiliagy Opering Slot Subdomain (Subdomain I'V)

Air Gap Slibdomain (Subdomain III)

R‘ ‘1'\’ e - Tanguatial'y Magnetized permanent-magnet Subdomain
e Rs ﬁ Eubdomain I)

g Radially Magnetized permanent-magnet Subdomain

a. p
(Subdomain I1)

Fig. 3. Subdomaifymed'al of the equivalent permanent magnet motor

As can be seen from Fig. 3, A;"and ak are the central angle of the stator slot opening and the
central angle of the auxiliaty slot/op2ning, respectively. The angular position of the centerline of
the £-th tangentially mdghetized M is defined as 8y, and the installation central angle of the i-th
V-type PM is defined as 0;.°2¢, is the radius of the stator slot bottom surface and R; is the radius
of the stator slot opening. R, is the radius of the inner surface of the stator and R, is the radius
of the auxiliary slot bottom. bca is the slot width angle of the auxiliary slot. b, and b,, are the
stator slot width angle and the stator slot opening width angle, respectively.

To simplify the mathematical model, the following assumptions are made: the model is
solved in a two-dimensional polar coordinate system; the eddy current effect and end effect are
neglected; the demagnetization curve of the PM material is linear; the permeability of the stator
and rotor cores is infinite; and the conductivity of the materials is 0 [23].

2.2. General solution of the tangentially magnetized permanent-magnet subdomain (Sub-
domain I)
In the two-dimensional polar coordinate system, magnetic field excitation exists in the
tangentially magnetized permanent-magnet subdomain, and the vector magnetic potential is
described by the Poisson equation as follows [24]:
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Ry <7 <Rpb—t<a<o +L
where: M, is the tangential component of the magnetization intensity of the PM, M,, = 0; M,
1
is the radial component of the magnetization intensity of the PM, M, = i—r
0
The boundary conditions are:
H;(r,ekif)zo,Rr<r<Rm. 3)

By using the method of separation of variables, the general solution of the vector magnetic
potential and the expression of the tangential magnetic field intensity in the tangentially
magnetized permanent-magnet subdomain satisfying the boundary.conditions can be obtained
as:

nrm _E[‘l

A,y =AY+ B Inr — Bir + Y%, [C{l (E)7 +pp (1) 7 [cos (%" (a -6+ §)> (&)

Ryl

nrm nr
_ B 1 ye m|on (T \E _ pa(n\F n (o B
Hal N HolrT HoHr Zn:l Br [Cl (Rm) Dl \Rr) cos B (a ek + 2) ’ (5)
where: y, is the permeability of vacuumy y, is)the relative permeability of the PM, n is the
harmonic order in the tangentially magréetized permanent-magnet subdomain, and the harmonic
coefficients A2, BY, CI*, and DI* need % be solved according to the boundary conditions.

2.3. General solution of fiie radialy magnetized permanent-magnet subdomain (Subdo-
main II)

Similarly, in the two-diiyedisional polar coordinate system, the vector magnetic potential in
the radially magnetized permanent-magnet subdomain is described by the Poisson equation as
follows:

8%4 104 19%4 M
T e = (M =) ©
Rg<T<R,6—-S<a<@+3

where: M}, is the tangential component of the magnetization intensity of the i-th radially
magnetized permanent-magnet subdomain, Mi, = 0; M., is the radial component of the
magnetization intensity of the i-th radially magnetized permanent-magnet subdomain,

i i— oo i . S
M, = (=1)1y®_, ML, sin (Fm (a -0, + ;))’
Mzim is the magnetization intensity coefficient of the i-th radially magnetized PM and

; 4B} . (mm\ . (mma,
M. . =—"sin (—) sin (—)
2ru 2 268

mnpg
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The boundary conditions are:

H}l (7’.91' ig) =0,R, <7 <R,
s 5
kHclzI(Rq,a) = O,Hi _E< a<< 91' +E
By using the method of separation of variables, the general solution of the vector magnetic

potential in the radially magnetized permanent-magnet subdomain satisfying the boundary
conditions can be obtained as:

mm mrm

A =AY+ X [CQ” (R%)T + D" (Rr—q)_T + g,(r)] cos( = (a -0, + )) (8)

where:
SporMil,,
9:(r) = (D) (EEREY), ©)
e G L (10)
Ry Fm

The expression of the tangential magnetic field intensity in the radially magnetized
permanent-magnet subdomain (Subdomain, II) is:

-1 °e) \m; _% ! §
Hat = =Sy l%c;" (D7 225y (£) 7+ gi) | cos (B (= :+5)). (11)
6 M ru
9.(r) = (~1)i! (b (12)

where: m is the harmonic order in the radially magnetized permanent-magnet subdomain, and
the harmonic coefficients A3, CI* and DJ* need to be solved according to the boundary
conditions.

2.4. General solution of the air gap subdomain (Subdomain III)
In the air gap subdomain, the vector magnetic potential can be described by the Laplace
equation as follows [25-26]:

9%Azm | 104z | 1 8%4zm =0
ar? r or r2 da? . (13)
Ry <r<R;,0<a<?2rm

When r = Rq, if a falls within the angular region of the auxiliary slot, the air gap subdomain
is connected with Subdomain IV; if a falls within the angular region of the stator slot opening,
the air gap subdomain is connected with Subdomain V; otherwise, it is a high-permeability
boundary of the iron core, thus:
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HM (R, a) = HY (R, @), ay — % <a<a +§

HY'(R, @) = HY (R, @), 6 — ”7 <a<6+ "7 (14)

HM(Rs, a) =0, elsewhere

Meanwhile, when r = R,,, if « falls within the angular region of the tangentially magnetized
PM, the air gap subdomain is connected with Subdomain I; otherwise, the air gap subdomain is
a high-permeability boundary of the iron core, thus:

HY' Ry, @) = Hy(Ryp, @), 6 —E<a < 6, +5

HM"(R, @) =0, elsewhere

(15)

By using the method of separation of variables, the general solution of the vector magnetic
potential and the expression of the tangential magnetic field intensity in the air gap subdomain
satisfying the boundary conditions can be obtained as:

A = S5 |45 (2)" + BY (£) | coswa) + ooy [c (B) DY (Z) | sinwa) + B9, (16)

14 -v v -v

Hyqp = ;—jZ?zlg[A‘g (RLS) —BY (é) ]cos(va) +;—j}_;;=1:[\,3” (RLS) - DY (é) ]sin(va), 17
where: v is the harmonic order of the air gap\suoGpmain, and A%, BY, CY, DY and EY are the
harmonic coefficients of the air gap subdomain, At r = R, the air gap subdomain and the
tangentially magnetized permanent-magznet subdomain satisfy the continuity conditions of Az
and the tangential magnetic field intdasity.\And when r = R, the air gap subdomain and the
sector auxiliary opening slot subdéinainids well as the stator slot opening subdomain also satisfy
the continuity conditiong~of (Azhand the tangential magnetic field intensity, respectively.
Accordingly, the coeffi{ients-in Wiie above general solution of the vector magnetic potential in
the air gap subdomain can ¢ fidrther determined.

2.5. General solution of the sector auxiliary opening slot subdomain (Subdomain IV)
In the sector auxiliary opening slot subdomain, the vector magnetic potential can be described
by the Laplace equation as follows:

{ 9%Az1v + 10451y + 1 8%4av _

or? r or r? da? . (18)
Ry <r<R,ap—bca/2 <a<ay+bca/2

The boundary conditions are:
HY(R,, @) = 0,0 < a < 2m. (19)

By using the method of separation of variables, the general solution of the vector magnetic
potential and the expression of the tangential magnetic field intensity in the sector auxiliary
opening slot subdomain satisfying the boundary conditions can be obtained as:
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XT

Agy = A+ Y5y [Cx( e)”“‘ + D ( ) %] cos (% (a —a + ”%)) (20)

e (2 - 07 (1) M| eos (£ (- +259). )

where: y is the harmonic order of the sector auxiliary opening slot subdomain. A3, Cf and D}

aIV - Z){ 1

are the harmonic coefficients of this subdomain, which need to be solved according to the
boundary conditions.

2.6. General solution of the stator slot opening subdomain (Subdomain V)
In the stator slot opening subdomain, the vector magnetic potential can be described by the
Laplace equation as follows:

62AZV laAzV lazAZV =0
ar? r or r2 8a? 22
boa bO‘l' ( )
R <T'<Rt,9j ——=<a< b+
2 by 2

The boundary conditions are:
HY (r, 6; + bz—“) = OB, < T <R,. (23)

By using the method of separation of“ariables, the general solution of the vector magnetic
potential and the expression of the tyngeianal magnetic field intensity in the stator slot opening
subdomain satisfying the boundary(Conditior's can be obtained as:

kmt

Ay =A%+ B Inr HY7 le (Rt)b” + Dg (1:5) bk:l] cos (zfoa (e-0+ boa))’ @

e i
Hoy =254 257 1rb0a[ (L) - 0 (£) boa] cos (; (a6, +”°“)>, 25)

where: k is the harmonic order of the stator slot opening subdomain, A2, BY, C¥ and D¥ are the
harmonic coefficients of the stator slot opening subdomain and need to be solved according to
the boundary conditions.

2.7. General solution of the stator slot subdomain (Subdomain VI)
In the stator slot subdomain, the vector magnetic potential can be described by the Laplace
equation as follows:
0%Azv1 | 194zv1 | 1 %4z
- —_ =0
ar? r or r2 9a? (26)
Ry <1 <R, 0; — bs“<a<9 +b5“

The boundary conditions are:
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HY'(Rg,a) =0, 0<a<2m. 27)

By using the method of separation of variables, the general solution of the vector magnetic
potential and the expression of the tangential magnetic field intensity in the stator slot subdomain
satisfying the boundary conditions can be obtained as:

o= 04 3 () () # () e (2 (o0 +%9)).
1

. il bl
lye priy (ﬁ)bsa (L)bsa _ (L)‘bsa ﬂ( — 0. b_)
Ho V=1B6 r [ Rsp Rsp Re cos bsq @ GJ + 2 ’ (29)
where: y is the harmonic order of the stator slot subdomain, and A2, Bé/ are the harmonic

coefficients of the stator slot subdomain, and need to be solved according to the boundary
conditions.

Hyy =

3. Solution of the harmonic ceefficients

According to the analytical solutions of each stbdotiain, the continuity condition of the
vector magnetic potential and the continuity cadition®gi the tangential magnetic field intensity
are imposed at the interfaces between adjacent\sdbaomains, and the undetermined coefficients
in each subdomain are solved simultaneously [27<28].

3.1. Interface between Subdomair I'and Subdomain II

At the interface between the tangentially magnetized permanent-magnet subdomain and the
radially magnetized permsnent*mapiet subdomain, that is, at 7 = R,., according to the boundary
conditions of the stati¢ iagnetic field, the vector magnetic potential is continuous across the
interface, and the tangentiai pragnetic field intensity is continuous:

b<a<o,+%, (30)

Azllr:Rr - Alelr:Rr =0, Hk o=

=

B
Helr=gr, — Hattlr=g, = 0,0 — Py Sa<6,+- 31

N

After substituting the expressions of the tangential magnetic field intensity of the two
subdomains, Eq. (5) and Eq. (11), into Eq. (31), and unifying the tangential component of the
magnetic field intensity in the tangentially magnetized permanent-magnet subdomain

(Subdomain I) to the interval [Hi—g 0; + g] by Fourier transform, the following can be obtained:

10
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9i+§
%&rg aKRwakDS<5 @z—e + ))da:

m nry 5 RUE gl '
) -mnC, mnCy" (Rq) Rq 9i(Rg) _ gi(Ry) (32)
SHor R ZmE mE oky
e 5#0#rRr( & ) [,LO[,LTRq( 5 ) T

f 2 al (Rr: a)da

After substituting the expressions of the vector magnetic potential of the two subdomains,
Eq. (4) and Eq. (8), into Eq. (30), and expanding the vector magnetic potential of the radially
magnetized permanent-magnet subdomain (Subdomain II) along the tangentially magnetized
permanent-magnet subdomain (Subdomain I) by Fourier series, the following can be obtained:

n

6

+ /
Efekk s Az (R, a)cos < 5 (a — 0, + )) da.= ¢y \Rm)

9 +£
k 5o § 2AzH(Rr, a)da = AY + B? In Rp B/ R,

+ D}
(33)

3.2. Interface between Subdomain I and Subdomain III

At the interface between the tangentuailys magnetized permanent-magnet subdomain and the
air gap subdomain, that is, at the quter urfade radius of the rotor, namely at r = R,,,, according
to the boundary conditions ofythcystatic magnetic field, the vector magnetic potential is
continuous across the intérface, ina’the tangential magnetic field intensity is continuous:

B B
Anlryg — Azmilr=p, =0, O =SS @ <6 +3, (34)

B B
Halr=ry = Hanilr=g,, = 0, O =5 <a <6+ (35)

After substituting the expressions of the tangential magnetic field intensity of the two
subdomains, Eq. (5) and Eq. (17), into Eq. (35), and unifying the tangential component of the
magnetic field intensity in the tangentially magnetized permanent-magnet subdomain
(Subdomain ) to the interval [0, 21t] by Fourier transform, the following can be obtained:

L (a5 (52)") -8

o1 (R, @)cos(va)da = Ho_
(e (32)) -0

After substituting the expressions of the vector magnetic potential of the two subdomains,
Eq. (4) and Eq. (16), into Eq. (34), and expanding the vector magnetic potential of the air gap

9k+

(36)

o

o, aI(Rr, a) sin(va) da = o

11
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subdomain(Subdomain III) along the tangentially magnetized permanent-magnet subdomain
(Subdomain I) by Fourier series, the following can be obtained:

5o

nm

oo+ )= ()

9k+

(37)
9k+

50

ARy, @)da = A9 + BY InR,, — B}Ry,

3.3. Interface between Subdomain III and Subdomain IV

At the interface between the air gap subdomain and the sector auxiliary opening slot
subdomain, that is, at the radius of the inner surface of the stator, namely at r = R;. Similarly,
the vector magnetic potential is continuous across the interface, and thaitangential magnetic field
intensity is continuous:

bca
2 b

bca
Azvlr=ry — Azilr=p, = 0, ax — eI ot (3%)

bce bca
Havlr=r; = Hamlr=r, = 0, ax (==~ S a < ap + =~ (39

After substituting the expressions of the ‘tafigential magnetic field intensity of the two
subdomains, Eq. (17) and Eq. (21), into Eg. (39)yand unifying the tangential component of the
magnetic field intensity in the sectqr axiliary opening slot subdomain (Subdomain IV) to the
interval [0,27] by Fourier transform, the following can be obtained:

bea
1 (Apt—— -v Rm\Y

= sl Hoay P @)cos(va)da = - (43-B3 (%))
ApE—, s s

(40)

“k+_ . - Rm\"
f bﬂ 1,1v(Rs, @) sin(va) da = uo;s (C;’—D;’ (R—':) )

After substituting the expressions of the vector magnetic potential of the two subdomains,
Eq. (16) and Eq. (20), into Eq. (38), and expanding the vector magnetic potential of the air gap
subdomain (Subdomain III) along the sector auxiliary opening slot subdomain (Subdomain IV)
by Fourier series, the following can be obtained:

Xr
ak+

_f bca ZlIl(Rs. a)cos (FX (a —a, + b;a)) da = C)(( )bca +DX

bca

bea (41)
ak+

1
Efak b;a lel(Rs, a)da = Az

12
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3.4. Interface between Subdomain III and Subdomain V

At the interface between the air gap subdomain and the stator slot opening subdomain, that
is, at the radius of the inner surface of the stator, namely at r = R, the vector magnetic potential
is continuous across the interface:

boa boa

Alellr:Rs - Aler:Rs =0, gj <a<s 9 +— (42)
boa boa

Httthrop, = Havlrg, = 0, 6 =28 < a < g, + 2os 3)

After substituting the expressions of the tangential magnetic field intensity of the two
subdomains, Eq. (17) and Eq. (25), into Eq. (43), and unifying the tangential component of the
magnetic field intensity in the stator slot opening (Subdomain V) to the interval [0, 2] by
Fourier transform, the following can be obtained:

boa —
1 ~0j+—— . - RV
f ’ boza aV (RS' C()Slll(LC()d(Z # ;: (C'y< ;7 (' A) )
T2 0%s

T 9] R

(44)

b
+oa

k_fe boa OCV(RSi (Z) COS(UCZ) da = ::)E (Ag_Bg (If_;)_v)

After substituting the expressions of the vecigs, magnetic potential of the two subdomains,
Eq. (16) and Eq. (24), into Eq. (42), and expanding the vector magnetic potential of the air gap
(Subdomain IIT) along the stator slot opefiing (Subdomain V) by Fourier series, the following
can be obtained:

km

b boa
boa fe boa A (Rs)C ><Fk (05 - 9 + oa)) da = Csk (%ﬁ)b +Dé‘

(45)
1 B+00 ,
b_fej boza zIlL (f{s' a)da = BE(S) In RS + Ag
oa "0 j——=

3.5. Interface between Subdomain V and Subdomain VI

At the interface between the stator slot opening subdomain and the stator slot subdomain,
that is, at the radius of the stator slot opening, namely r = R;, the vector magnetic potential is
also continuous across the interface:

boa boa

Apilr=r, = Azvlr=p, =0, G——*<a<6+-* (46)
boa boa

HzVIlr:Rt - Hler:Rt =0, 9]’ - Sas 9 +— (47)

After substituting the expressions of the tangential magnetic field intensity of the two
subdomains, Eq. (25) and Eq. (29), into Eq. (47), and unifying the tangential component of the

13
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magnetic field intensity in the stator slot opening (Subdomain V) to the interval

[Hj - bs—“, 0; + bs—“] by Fourier transform, the following can be obtained:
2 2

boa
05+

2yTm
2 bsq -FyBY | (Rsi\ TDoa
_f9j—b°T"‘ av(Rs, @)cos (Fy (a -6+ T)) da = L= [(—") Poa _ 1]

bsa MoRe R¢

(45)

1 9j+boTa
kb_fe boy Hav(Ry, @)da =0

sa ]_T

After substituting the expressions of the vector magnetic potential of the two subdomains,

Eq. (24) and Eq. (28), into Eq. (46), and expanding the vector magnetic potential of the stator

slot (Subdomain VI) along the stator slot opening (Subdomain V) by Fourier series, the

following can be obtained:

boa .
2 0458 ~ o RE s
I Aancreos (- 0+ 59) e 0 ()
b (49)
1 9. +-2¢
ka fg -]—ﬁ ZVI(Rt, a)da = Ag + BSO In Rt

2

By combining the above equations, namely, ¥guations (32), (33), (36), (37), (40), (41), (44),
(45), and (48), (49), into a unified system, a clgsed’linear system of equations is obtained and
solved to determine the harmonic coefficiénts in’all subdomains, thereby yielding the analytical
distributions of the vector magneticypowntial and magnetic flux density in each subdomain. In
the analytical calculation model, thC exjressions of the radial and tangential components of the
magnetic flux density in the airgap Subdomain are:

By = S AR B (7)o + 2 H [0y () + 02 () ] costo)
—v r\ ;'l -v v : v ;n ’ (50)
Bar = X5 [A3 (5) - BY () eostva) ~ 3z Y[y () - 3

(a)_v] sin(va)

4. Finite-element verification and analysis

4.1. Finite-element verification of the analytical method

To verify the accuracy of the analytical model for the no-load air gap magnetic field of the
slotted motor, the FEM is used to solve the air gap magnetic field, and the results are compared
with the analytical results. The waveform and harmonic spectrum comparisons of the radial air
gap flux density are shown in Fig. 4.
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Fig. 4. Waveform and harmonic spectrum comparisons of the radial air gap flux density: waveform
comparison of radial flux density (a); harmonic spectrum compaison of radial flux density (b)

As can be seen from Fig. 4(a), the analytical results of h¢ rhdial air gap flux density agree
well with the finite-element results as a whole, and the waveform variation trends and main
characteristic points of the two are basically consistent, with only slight deviations at the slot
opening. As can be seen from Fig. 4(b), thémerrors®sl the fundamental and main harmonic
amplitudes between the analytical results and £he’ finite-element results are small, and the
difference in the fundamental amplitude is only (-024%.

The waveform and harmonic spactrn ¢omparisons of the tangential air gap flux density are
shown in Fig. 5.
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Fig. 5. Waveform and harmonic spectrum comparisons of the tangential air gap flux density: wave-
form comparison of tangential flux density (a); harmonic spectrum comparison of tangential
flux density (b)

As can be seen from Fig. 5(a), the analytical results of the tangential air gap flux density are
generally consistent with the finite-element results, and only slight differences exist at several
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individual peaks and valleys. As can be seen from Fig. 5(b), the errors in the fundamental and
main harmonic amplitudes of the two are small, and the error of the fundamental amplitude is
2.5%.

4.2. Performance comparison of the motor before and after slotting

The FEM is used to verify the effect of the auxiliary slots on improving the electromagnetic
performance and output performance of the motor. The waveform and harmonic spectrum
comparisons of the air gap flux density of the motor before and after slotting are shown in Fig. 6.

0.80
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Fig. 6. Waveform and harmonic speatrum comparisons of the air gap flux density of the motor before
and after slotting: waveform,Comparisgh of air gap flux density (a); harmonic spectrum compar-
ison of air gap flux density (b)

As can be seen from Jig. 6(), the introduction of auxiliary slots increases the amplitude of
the air gap flux density and pifectively improves the sinusoidal shape of the waveform. As can
be seen from Fig. 6(b), the amplitudes of the dominant harmonic components of the air gap flux
density are reduced after slotting, and the waveform distortion rate decreases from 27.83% to
24.67%, with a reduction of 11.4%. Therefore, the auxiliary slot design optimizes the air gap
magnetic-field distribution and improves the quality of the main air gap magnetic field.

The comparisons of the cogging torque and the output torque under rated operating
conditions of the motor before and after slotting are shown in Fig. 7.
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Fig. 7. Comparison of the cogging torque and output torque before aldssfter slotting: comparison of
cogging torque (a); comparison of outbuf torgue (b)

As can be seen from Fig. 7(a), after slotting, the peale®ogyisig torque of the motor decreases
from 1.82 N-mto 1.18 N-m, with a reduction of 35%,Fhinindicates that the auxiliary-slot design
effectively suppresses the cogging effect. As can beiseen from Fig. 7(b), under rated operating
conditions, the average output torque of the m¢torafter slotting increases, and the torque ripple
decreases from 22.2% to 21.3%. The output tqrque becomes more stable, and the operating
performance is improved. These improveraents are of great significance for smooth operation,
overall motor performance, and subsaquentstructural optimization.

5. Conclusions

This paper takes a Toyota Prius V-type IPMSM with stator auxiliary slots as the research
object and establishes a magnetic field analytical model of the IPMSM with stator slotting based
on the exact subdomain method. The stator auxiliary slot parameters are incorporated into the
subdomain model, and based on the conservation principles of the electromagnetic parameters
of the PM material, the interior V-type PM poles are equivalently transformed into U-type poles
with regular boundaries, thereby improving the magnetic field modeling accuracy of the motor.
The accuracy of the analytical model is verified by the FEM. The analytical results are in good
agreement with the finite-element results in terms of the variation trends of the radial and
tangential air gap flux density waveforms, and the errors of the fundamental amplitudes are only
0.024% and 2.5%, respectively. The electromagnetic performance and output performance of
the motor before and after slotting are compared by the FEM. The results show that, after slotting,
the air gap flux density waveform of the motor is effectively improved, the cogging torque is
effectively reduced with its peak value decreased by about 35%, the average output torque is
increased, the torque ripple is reduced, and the overall output performance is improved.
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