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ABSTRACT The establishment of no-load magnetic field model is of great significance to the optimization
design and performance analysis of permanent magnet synchronous generator (PMSG). The authors describe
the basic structure and operating principle of the single/three-phase dual-port permanent magnet synchronous
generator (STPDP-PMSG), and optimizes the dimension parameters of the surface-mounted magnetic pole
consisting of magnetic metal block and permanent magnet to obtain an optimal rotor pole structure parameter.
Considering the nonlinear variation of the stator and rotor core permeability, based on the analytical method
of nonlinear subdomain model, the magnetic field model of STPDP-PMSG is established to analyze its
no-load characteristics. Furthermore, the authors calculate and analyze the no-load air gap flux density
and no-load back electromotive force (BEMF) of the generator, and the finite element method is used for
verification. Finally, an experiment is conducted on a 4-pole 48-slot STPDP-PMSG with eccentric magnetic
metal block. The measured no-load BEMF is basically consistent with the analytical calculation value, which
verifies the accuracy of the nonlinear subdomain model proposed in this study.

INDEX TERMS STPDP-PMSG, optimize, no-load characteristics, nonlinear subdomain model.

I. INTRODUCTION To reduce the volume and weight of power on-board gen-

Oil, coal mines and other industries that require field
operation vehicles, single-phase loads such as field light-
ing and testing equipment have an increasing demand for
single-phase power supplies. If a three-phase generator is
used to drive three-phase load and single-phase load at the
same time to meet the requirements of the single-phase load
on the working site, the power redundancy of the three-phase
generator will be large, which will increase the unbalance
degree of the three-phase port of traditional three-phase
generator. If the single-phase power generation system is
separately equipped for single-phase load, the volume and
weight of the power generation system will also be increased.
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eration system, the authors designed a STPDP-PMSG with
stator slot of varied depth, as shown in Fig. 1. The stator
structure consists of a set of three-phase windings to out-
put three-phase alternating current and a set of single-phase
windings to output single-phase alternating current. The two
sets of stator windings are electrically and mechanically inde-
pendent of each other and only coupling on the magnetic
circuit. The rotor structure is composed of rectangular mag-
netic steel and conducted magnetic metal block with eccentric
outer arc.

STPDP-PMSG is a new type of generator with a
three-phase alternating current (AC) port, a single-phase AC
port and a public mechanical port. This type of generator
solves the above problems happening in the field operation
of the traditional field vehicle’s on-board power generation
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system. At the same time, it also solves a series of problems
such as large area, low reliability, high maintenance cost and
low power density of multiple power generation equipment.
It has the advantages of high power density, high reliability,
low maintenance cost and small size. However, affected by
its single stator double winding structure, the saturation state
of the core and the single-phase pulse magneto-motive force
in the air gap magnetic field during the operation, STPDP-
PMSG exhibits a high degree of non-linearity. The accurate
calculation of the magnetic field distribution in the air gap
of STPDP-PMSG is the key to designing and optimizing its
electromagnetic performance. The commonly used finite ele-
ment method (FEM) can effectively handle complex models
with high calculation accuracy, but its calculation time is
relatively long. While the analytical method (ANA) has faster
calculation speed, smaller calculation amount and clearer
physical concept, which is conducive to the design and opti-
mization of the initial scheme of STPDP-PMSG. In [1], [2],
[3], and [4], Analytical calculation methods mainly include
equivalent magnet circuit network (EMCN) method, sub-
domain model method and harmonic modeling method. The
subdomain model method is currently the most commonly
used method for analytic modeling of the magnetic field of
the generator. It is mainly based on the method of separation
of variables to obtain the Fourier series form solution of each
subdomain. The calculation accuracy of this method is also
higher in comparison with the FEM results, which is proven
in [5] and [6].

Because the stator slotting can lead to the distortion of the
air gap flux density and the increase of harmonic compo-
nents, it is difficult to accurately calculate the air gap flux
of STPDP-PMSG based on the analytical method. In [7], the
maximum value of air gap flux considering slot effect can
be obtained by using traditional magnetic circuit method cor-
rected by empirical coefficient. However, if the stator shape
and parameters of STPDP-PMSG are irregular, the empirical
correction coefficient is difficult to obtain, which makes the
calculation accuracy of traditional magnetic circuit method
considering slotting effect not high. The subdomain method
divides the irregular region of the motor into different regular
regions to solve the problem, and establishes the relation of
the Laplace equation or Poisson equation of each subdomain
through the interface condition. Then the distribution of the
air gap magnetic field can be obtained by using the analytic
results of the subdomain method [9], [10].

Many scholars have done a lot of research on the analytical
models of different motor structures, as shown in Table 1.
Reference [11]establish an accurate subdomain model of the
rotor eccentric structure of slotless surface-mount permanent
magnet motors, which reduce the harmonic content of air gap
flux density under rotor eccentricity conditions. Reference
[12] perform an analytical calculation of the magnetic field of
surface-mount PMG with eccentric rotor, then calculates the
air gap flux density and cogging torque, research has shown
that changing the eccentric distance of the pole can greatly
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TABLE 1. Magnetic field analysis method of different structure machines.

Author Method Machine
structure
. a static eccentric analytical
Zézjo?;l’[eltla]ﬂ' model based on the boundary Surfa;;;[l;/ll\cj[unted
perturbation method
surface current method of
Y. Zhou, H. et permanent magnet, Conventional

Surface-Mounted
PMSM

subdomain model and
superposition principle of
vector potential.
an analytical model
considering the iron
saturation and winding
distribution

al. (2015) [12]

m. Baghayipour
,etal. (2018)
[13]

Conventional Axial
Flux PM machines

accurate subdomain model Conventional
S. S. Zhang, et o mot
al. (2019) [14] considering the periodic Surface-Mounted
’ boundary condition PMSM
LI Chen, et al. two-dimensional exact Ig;)lrg\;zﬁt_f:rl:l
(2013) [15] analytical method PAMSM y
T. Y. Guo, et ) Conventional
al. (2015) [16] accurate subdomain model Surface-Inset
‘ PMSM

subdomain model under
the condition of neglecting
magnetic saturation

H C.Li,etal.
(2017) [17]

Surface-Mounted
PMSM

reduce the harmonic content of radial flux density, and the
cogging torque can be reduced at the same time [13]. An ana-
lytical model for the harmonic content no-load magnetic
fields and BEMF in TORUS-NS AFPM machines with sur-
face mounted magnets considering the winding distribution
and iron saturation effects is proposed. This method yields the
no-load magnetic field distributions in air-gap and iron cores
and BEMF very exactly. Reference [14] establish a magnetic
field analytical calculation model of the surface-mounted
PMSM, and consider the effects of the step skewing of per-
manent magnet and magnetic slot wedge. In [15] and [16],
the authors establish an accurate subdomain model of the
half-open slot of the surface-mounted PMSM with Halbach
structure, and verifies it through finite element analysis and
experiments. In [17], the authors establish the accurate sub-
domain analytical model of the permanent magnet machines
with a surface-inset rotor structure, and calculates the distri-
bution of no-load magnetic field, armature magnetic field and
load magnetic field of the motor. In [18], the authors use the
irregular yoke radius function and the eccentric permanent
magnet radius function to solve the no-load air gap magnetic
field, and analytically derives the no-load air gap magnetic
field of the polygonal rotor yoke PMSM. Compared with
the finite element simulation analysis, the two calculation
results are in good agreement. The above method can accu-
rately simulate the magnetic field analytical calculation of the
motors with different structures, however, the length of the air
gap may change with the constant change of rotor eccentric
distance, but there is no specific solution to this problem,
which has certain limitations, and the single/three-phase dual-
port structure is not mentioned.
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FIGURE 1. The structure of STPDP-PMSG.

As shown in Table 1, different analytical methods can
be used to establish magnetic field models for motors with
different structures and obtain good experimental results.
Besides, the no-load characteristics of this new structure
generator has not been discussed in the published litera-
ture. On the basis of previous studies, the authors take a
STPDP-PMSG with eccentric magnetic metal block as the
research object. The stator structure of this study adopts two
sets of windings, which can supply power to three-phase
load and single-phase load simultaneously. Rectangular
magnetic steel and magnetic metal block constitute the
surface-mounted pole structure of STPDP-PMSG.

To analyze this particular structure in detail, the
STPDP-PMSG nonlinear subdomain model considering the
nonlinear variation of stator permeability and rotor core
permeability is established on the two-dimensional polar
coordinate plane. The authors optimize the size parameters
of the generator rotor pole, which include the pole arc
coefficient of the magnetic pole and the eccentric distance
of the magnetic metal block, obtain the optimal rotor pole
structural parameters, then reduce the air gap flux density and
the harmonic content of no-load BEMF. Finally, the authors
design and manufacture a 4-pole 48-slot STPDP-PMSG with
eccentric magnetic metal block. The comparison and analysis
of finite element simulation results and experimental test
results verify the accuracy of the nonlinear subdomain model.
The study reveals the correctness of the special structure of
STPDP-PMSQG, utilizes the space of stator punching, thereby
avoiding material waste and improving the power density
of the generator, thus providing a reference for subsequent
generator design.

Il. THE BASIC STRUCTURE AND OPERATING PRINCIPLE
OF STPDP-PMSG

STPDP-PMSG is a multi-port generator composed of two
electrical ports and one mechanical port. It is composed of
a set of three-phase windings and single-phase windings in a
stator, and a set of rotors (See Fig. 1). Two sets of three-phase
windings and a set of single-phase windings with the same
number of pole pairs are respectively embedded on the stator.
As shown in Fig.1, the three-phase winding is a double-layer
distributed winding, which is distributed in the stator slot
along the circumferential direction; the single-phase winding
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FIGURE 2. The operating principle of STPDP-PMSG.
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FIGURE 3. Comparison of conventional surface-mounted magnetic pole
structure and the new type of surface-mounted magnetic pole structure.

is a single-layer concentric winding, which is located in the
upper part of the slot at the four corners of the stator. This
structure is more compact, which can effectively reduce the
size of the generator. As shown in Figure 2, the three-phase
port is connected to a three-phase load and the single-phase
port is connected to a single-phase load. The two sets of wind-
ings are independently connected to their respective loads and
share a rotor magnetic circuit. The two sets of windings share
the same stator magnetic circuit and thus they are directly
coupled structures.

The conventional surface-mounted magnetic pole structure
is shown in Figure 3(a), and the new type of surface-mounted
magnetic pole structure in this study is shown in Figure 3(b).

The difference between the two surface-mounted magnetic
pole structures is that the permanent magnet in the new
structure can be machined according to a simple rectangular
structure, and it can be placed in the flat bottom slot milled
out of the rotor surface during assembly. The uneven air gap
structure can be realized by reasonably designing the eccen-
tric structure shape of the magnetic metal block, and then the
purpose of improving the air gap magnetic density waveform
can be achieved. In addition, the magnetic metal block can
also protect the magnetic steel during rotor assembly. The
eddy current loss caused by teeth harmonics is concentrated
on the surface of the metal block rather than the surface of the
permanent magnet, and the permanent magnet does not have
the risk of high temperature demagnetization, therefore, the
permanent magnet can be machined in one piece along the
axis. Due to the good toughness and easy processing of metal
materials, the structure is equipped with countersunk screw
holes on the magnetic metal block during assembly. Opening
corresponding circular holes on the magnetic steel can fix
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TABLE 2. STPDP PMSG parameters.

Parameter Unit Value
three-phase rated power kW 80
single-phase rated power kW 30

stator outer diameter mm 420
stator inner diameter mm 299
rotor outer diameter mm 297
rated speed r/min 1500
poles 4
slots 48
thickness of PM mm 16.5
."/ Ahlj ‘\\

2

A
=

FIGURE 4. Eccentric structure of the magnetic metal block.

it well in the flat bottom slot milled on the rotor surface.
Obviously, this structure effectively avoids the problem of
high processing scrap rate caused by the complex shape of
the magnetic steel structure, and can reduce the processing
cost of permanent magnets and the manufacturing cost of the
generator to a certain extent.

According to the structural characteristics of STPDP
PMSG, the authors design a prototype with three-phase
power of 80kW and single-phase power of 30kW. The spe-
cific structural parameters are shown in Table 2.

Ill. ESTABLISHMENT OF ANALYTICAL MODEL OF
SURFACE-MOUNTED STPDP-PMSG WITH ECCENTRIC
MAGNETIC METAL BLOCK
A. ESTABLISHMENT OF ECCENTRIC STRUCTURE MODEL
OF THE MAGNETIC METAL BLOCK OF STPDP-PMSG
Genetic algorithm is a random search algorithm that based
on natural selection and genetic mechanism in the biological
world, which searches for the optimal solution by simulating
the natural evolution process [19], [20]. Considering that
randomness can make the solution traverse the whole value
space, genetic algorithm is adopted for optimization in this
paper.

It can be seen from Figure 4 that there must be an eccen-
tric distance d corresponding to an h,., which makes the
sinusoidal distortion rate of the air gap magnetic density
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waveform smallest, the sine degree of the waveform best, and
the harmonic content minimum. Therefore, it is necessary to
optimize the size of the magnetic pole structure.

According to the geometric diagram of eccentric structure
of the rotor pole (See Fig. 4), on the premise of deter-
mining the minimum length of the air gap, the authors
provide a mathematical expression using genetic optimiza-
tion algorithm, as shown in (1).

o

Z Bri
minf (x) = =2 x 100%
X = (d, Ay, ap)

st.Ry+ (hy+hy) <R —6,0<d <Ry

ey

where By and B,; are the fundamental wave amplitude and
harmonic amplitude values of the air gap magnetic density,
respectively. Where 6 is the air gap length, «), is the polar
arc coefficient of permanent magnet, 4, is the magnetization
direction length of permanent magnet, d is the eccentric dis-
tance of the rotor outside diameter which determines the outer
arc of the magnetic metal block, d is the eccentric distance of
the magnetic metal block. %, is the center thickness of pole,
R is the inner radius of stator, R, is the outer radius of rotor.

This optimization realizes the uneven air gap structure of
the generator by rationally designing the structure and shape
of the magnetic metal block, and achieves the purpose of
improving the air gap flux density waveform of the generator.
Since the pole arc coefficient also has a great impact on the air
gap flux density waveform of the generator, to better improve
the sine of the waveform, the pole arc coefficient is also
considered in the optimization. Therefore, the optimization
of the new pole structure size should be a single-objective,
multi-variable and constrained geometric shape optimization.

B. OPTIMIZATION OF ECCENTRIC STRUCTURE MODEL OF
THE MAGNETIC METAL BLOCK OF STPDP-PMSG

To reduce the distortion rate of the no-load air gap flux den-
sity waveform of STPDP-PMSG, the authors use a genetic
optimization algorithm based on the analytical method of
nonlinear accurate subdomain model to optimize the eccen-
tric structure of the pole in Fig. 4. The optimization variables
include the pole arc coefficient of permanent magnet (e, ) and
the outer circular eccentric distance of the outer arc of rotor
pole (d). Under the premise of determining the minimum air
gap length of PMG, the parameterized design of the opti-
mized variables is carried out. Fig. 5 shows the distribution
of the distortion rate of air gap flux density waveform under
different pole arc coefficients of permanent magnet and the
outer circular eccentric distance of the outer arc of rotor pole
(d). It can be seen from the figure that the distortion rate first
decreases and then increases with the increase of the d. When
d is between 4mm and 6mm, the sinusoidal characteristics of
the radial air gap flux density waveform is relatively good,
and the minimum distortion rate of air gap flux density is
9.1101%.
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FIGURE 5. Three-dimensional distribution of the distortion rate of radial
flux density waveform of STPDP-PMSG.

The influence of the pole arc coefficient on the distor-
tion rate of air gap flux density waveform is complicated.
After comprehensive considerations, the authors determine
the outer circular eccentric distance of the outer arc of rotor
pole (d) is 4mm, and the pole arc coefficient is 0.86.

C. ESTABLISHMENT AND SOLUTION OF STPDP-PMSG
NONLINEAR MAGNETIC POTENTIAL EQUATION

The authors take the STPDP-PMSG with the structure in
Fig.1 as an example to derive and solve. The two-dimensional
schematic diagram of the generator is shown in Fig.6.
To facilitate the analysis, the authors make the following basic
assumptions:

1

~

Ignoring the change of the magnetic field in the z-axis

direction, the currents only flow in the z-axis direction,

whichis: A, = A (r, 0).

The current density is equivalent to the actual value of

the stator winding current.

3) Assuming that the conductor load current changes sinu-
soidally with time.

The magnetic The magnetic permeability of the stator

yoke and rotor yoke is uniform in all directions, which

are 1 and ).

5) The tooth and slots have different permeability in the r

and 6 directions, which are | and pug.

2)

4)

Assumption 1) is to simplify the three-dimensional mag-
netic field into a two-dimensional magnetic field for the con-
venience of the solution. Assumption 2) represents the “‘real”
stator winding, so that the solution is closer to the actual
situation. Assumption 3) is the basic assumption commonly
used in two-dimensional magnetic field analysis. Assump-
tions 4) and 5) reasonably consider the physical properties
of different materials of the generator to make the solution
closer to reality.

In Fig. 6, Ry is the inside diameter of the rotor, R, is
the inside diameter of the permanent magnet, R, is the
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FIGURE 6. Two-dimensional schematic diagram of STPDP-PMSG.

outside diameter of the permanent magnet, R, is the radius
of rotor pole, Ry is the radius of stator core, R; is the radius
of stator core slot-opening, R is the slot position radius of
three-phase stator winding, R is the slot position radius of
the single-phase stator winding.

Based on the basic structure and assumptions of STPDP-
PMSG, a regional analytical model of the generator is
established. Taking Fig. 6 as an example, the solution can
be divided into stator yoke (Zone 1), stator slot: single-phase
power stator winding (Zone 2), three-phase power stator
winding (divided into upper and lower layers, Zone 3), stator
slot-opening (Zone 4), air gap (Zone 5), magnetic metal block
(Zone 6), rotor slot (Zone 7), rotor yoke (Zone 8).

Taking the center of slot 1 defined in Fig. 6 as the initial
position, B is the angle of the width of three-phase winding
stator slot, B, is the angle of the width of single-phase wind-
ing stator slot, ng1 is the number of three-phase winding stator
slots, ng> is the number of single-phase winding stator slots,
y is the position angle between the initial slot containing the
single-phase winding and the slot 1. The stator coordinates
are based on the two-dimensional polar coordinate (r, )
as the reference axis. Then the positions of the i-th slot of

the three-phase winding and the j-th slot of the single-phase
winding are defined as follows:

2 .
Oi="—@G—-1) (2)
nsi
where 0; # 60,,i = (1,2, ---,48).
2
0=y + — (g+ 12x) 3)
nsi

where g = (0, 1, 2,3),x = (0, 1, 2, 3).
In the same way, the center position of the j-th rotor of the
permanent magnet can be defined as follows:

2
— (G —D+An,
nsi

6 = @)

where § is the angle of the width of rotor slot, n, is the number

of rotor slot number, An, is the position of rotor angle. x =
©,1,2,3).

132959



IEEE Access

K. Li et al.: No-Load Characteristic Analysis of STPDP-PMSG

To facilitate the general solution of each subdomain model
and the solution of harmonic coefficients, the authors define
the following functions [17], [21]:

EYCANYEAY
y X z X
seo=(2) ()

D. THE GENERAL SOLUTION OF EACH SUBDOMAIN
MODEL

The Laplace equation of the subdomain of stator yoke and
boundary conditions are:

2 2
STt =0 ©
where 6 € 0;, R <r <Rj.
2 2
e T
where 6 € 6,, Rs <r <Rj.
Antilr=r, = Azilr=r,,
1 0A11; . 1 0Ay;
Ea_r r=Rc B ET r=Rc (8)
Anily=r,, = A3zil;=r,
1 A1y 1 Ay
E o =k, - @ I Jr=py

According to the above boundary conditions, the general
solution of the stator yoke subdomain is:

A1 (r,0)
o0
Ry P, (r,R R, P,(r,R
= Z [Ai_su +Brlz_t ”—(r s) ]cos (o)
pot n E, (Rs,R;) n E, (R, Rs)

| Rt Py(r,Rs)

o
Ry P, (r,Ry)
o128 Lan RY) - 1% Ta 0 RS)
+Z[ O By Ry Ry)

"o En (RS:RI) ]Sil’l (l’l@)

©))

where AL, B!, C) and D} are the harmonic coefficients of the
stator yoke subdomain.

The Poisson equation of the subdomain of stator slot and
boundary conditions are:

A1 10Ar | 19%°A;
a2 " roar 12902

where 0; — 5 <60 < 6;+ 5,Rc1 <r < Rca.

—iJ3 (10)

Anily=r, = A2ilr=r.,
1 0A11; 1 8A21
wr OF |,_p 2 M@l 37‘ r=Re (11)
A2i|r:Rcl = A3i|r=RL.1
0A; _ 0A3;
ar r=Rc] ar r=R]
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924, 194, 1 Ay
ar? roor | 12 902

where 6; — 5 <60 <6, + 5, R, <r < Rc1.

—ur+J4)  (12)

' Anilr=r, = Azil;=r,,

1 0A1y; l 8A3,

Wy or r=Rq MQI ar r=Ru (13)
Azily=p., = Azil,=r,,

0A3; _ 0A»;

ar r=Re, or r=Re,

1 0Ay; 1 0Ajz;

—_ = - =0 (14)

wr2 06 9=6;—% Mr2 30 9=6;+%

According to the method of separation of variables, com-
bining (10)-(14), the general solution of the stator slot
subdomain satisfying the boundary conditions are:

Asig = A§ + By Inr + i |:A2’ Fen 01, Rea)
R | " Prp(Rc1. Re2)

. P R

+ B,%’M] cos [rn (9 + 2_ 9,-)]
Pry (Rc1, Re2) 2

(15)
Py (r,Rc1)
Py (R, Rc)

+ B’%iP—:’EIE:II:IC)l)] cos [ (9 + = -6 )] (16)

Asig = A + B3 Inr + Z [A3’

where A%i , B(Z)i, Aﬁi and Bﬁi are the harmonic coefficients of
the subdomain of single-phase winding stator slot. A%, Bgi,
A2 and B are the harmonic coefficients of the subdomain of
three-phase winding stator slot.

The current density in the stator slot is mirrored by the
left and right boundaries of the slot becomes a periodic
signal whose period is bg,1 [22]. The Fourier decomposition
formula is as follows:

00
o
Jr = Do + El.fzin cos [Tn (9 + 5 — 9,')] (17)
n=

| it Jatitdai
where J2i0 = 55 fei—%z J(0)do = 2uddai

1 [0F% o
Jain = —/ J (8) cos [r,, (9 +2 ei)] d6
o 2

6,4
20210 — i)

n(3)
sin{—) .
nmw 2

o
o
J3 zlsio-i-ZJl,-ncos [1:,, (0+ 5 —9,-)] (18)

n=1

Lot F
where 30 = 5 [, o J (0)dO =
12

1 [o+% o
J3in = —/ J () cos [Tn (9 + = - Gi)] do
o g[,% 2

VOLUME 11, 2023

J31i+J30i
2 ’



K. Li et al.: No-Load Characteristic Analysis of STPDP-PMSG

IEEE Access

231 — J32i)

. (nrr)
sin—).
nmw 2

Ji= i+ Jincos [m(6+35-0)] a9

n—l

f9'+ 2 J(0)do =

Jain = é/étz J () cos [Tn (0 + % — Gi)] do
i—7

2 (Ja1i — Ja2i) . (nﬂ)
= ———Sim{—J.
nmw 2

where J4j0 = 1411+J4zl

the particular solutions obtained from the above analysis
are:

Asjp = _T 307 +Z Ho/ 3’:; e s[@—i—%—@i] (20)
Adip = —— (J4,o +Jaio) r* + Z = (Ji:lm_:hzm) r*
—
X COS [9 +3- 9,-] Q1)
The general solutions are:
Ay (r,0) = Agg + Azip (22)
Az (r,0) = Azg +Azjp (23)

The Poisson equation of the subdomain of PM and bound-
ary conditions are:

9247 1047 1 3245 Ho M,
il Al A My — 24
o2 "7 or T2 002 F M) @Y

where 60; — % <0 =<6+ %,le =7 = Rmn.
| A7i|r=Rm1 = A6i|r=le
1 3A7,' _ 8A6i
MGZ ar r:le H’r ar r:le (25)
A7i|r =R — A6i|r:Rm2
1 24y 1 dAy
[ wr O |k, me2 07 |g,

where Mj, is the radial component of the remanent magne-
tization of the j-th permanent magnet; Mjg is the tangential
component of the remanent magnetization of the j-th perma-
nent magnet.

The solution process of the rotor slot subdomain is similar
to the solution process of the stator slot. In this way, after
mirroring the permanent magnets in the rotor slot, a periodic
signal whose period 2§ is formed.

Carry out Fourier series expansion on the radial and
tangential components of the magnetization of the j-th per-
manent magnet in a period after the mirror image, which can
be expressed as:

o0
. 3
M, = C; Z M., sin |:Tn (9 + 57 Gj):|

=1,2,3,---
B (26)

8
Mjg = C7 Z My, cos [rn (9 + 37 9,)]

n=1,2,3,---
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Therefore, the general solutions of the rotor slot subdomain
satisfying the boundary conditions are:

A7j (r 9)

P R
A7J + B7] Inr + Z |:A7/ wn (7, Rm2)
Py (les m2)

i Pon(r,R 1) §
gyt ml 0+~ —06 A
+ " Py (RmZa le) o8 * 2 * ip
(27)

and BZ] are the harmonic coefficients of
the rotor slot subdomain.

WM — M,
Gy —l/«ontrzn—_lgnr), T, £ 1

ﬁn(r): <
: M — M
C7(Mo nom enrlnr), T, =1

where Ag] s BSJ s AZJ

(28)

The Laplace equation and its general and special solution
of other parts of STPDP-PMSG can be solved by the above
method, so the authors will not repeat it here.

E. BASIC PRINCIPLES OF FINITE ELEMENT ANALYSIS
Finite element method (FEM) solves discrete elements sepa-
rately by dividing a continuous complex field in engineering
into finite elements. Under the premise of considering the
initial value conditions and boundaries of the calculation,
the final result can be obtained by adding all the solving
elements.

For the solution of STPDP-PMSG electromagnetic field,
the Maxwell equations in integral form are converted into
differential form to solve the electromagnetic field. The
expression is as follows:

. - 9D
VxH=J+—
ot
V x B 9B (29
XB=——
. at )
V-D=p
V.-D=0

where D is an electric displacement vector, H is the magnetic
field intensity, B is magnetic flux density, J is current density,
0 is resistivity.

IV. VERIFICATION OF FINITE ELEMENT SIMULATION

The authors take a 4-pole 48-slot STPDP-PMSG as an exam-
ple to verify the analytical model by two-dimensional finite
element simulation.

A. NO-LOAD AIR GAP FLUX DENSITY

According to the relationship between the magnetic flux
density and the magnetic vector potential, The mathematical
expressions of the radial and tangential components of the
air gap flux density (Bs, and Bygj) generated by the j-th
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permanent magnet can be obtained, which are:

( y—1 B4 ’ —y—1
IVES Zy |: ( ) + R_y (R_) :| sin (y0)

e\ Dt R
EE G e

y

A4 r y—1 B4 r —y—1
so=- S5 (5) 4R (7) " Jeor
1

r —k—1 .
R_r) sin (yf)

Then the radial and tangential air gap flux density consid-
ering the effect of slotting is:

Bar =g (r,0) D Buyj
y

<

|
7
1
=2
~—~
2|~
~—
T
|
PR
~—~

(30)

3D
Byg = Ag (r, 0) ZB4Gj
S

Fig.7 shows the comparison of the radial air gap flux
density waveform calculated by ANA and FEM. It can be
seen that the analytical results of ANA are in good agreement
with the FEM; the radial effective values are 9.1101T and
9.6748T, respectively; the error of the two methods is 6.2%.
The analytical result of the nonlinear subdomain method
is slightly higher than the result of FEM because the end
effect of the generator is ignored when using the subdomain
analytical method.

B. NO-LOAD BEMF

Assuming that the windings in the stator slots are uniformly
distributed, based on Stokes’ theorem, at any rotor position,
according to the relationship between the flux linkage and
the magnetic vector position, the flux linkage generated by
the windings in the i-th slot can be obtained. The flux linkage
expressions are:

N, Ry r0it5
Ef & / / Asirdrdf
Rci J6i—%
N R[-‘rh] 9,+2
vin = ef <l / / Ayirdrd® (32)
Rt I %
N, 9+g
Yip = Ly Cl/ / Apirdrd
L Ri+hy JOi— %
2 2
4
R’ —R?
S, = o ( cl4 ) (33)
. _e®R)
[ 01— 4

where, L. is the axial length of the generator, N3 is the
number of turns of single-phase coil, N.; is the number of
turns of three-phase coil, S is the sectional area of winding.
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FIGURE 7. Comparison of radial air gap flux density waveform.

Taking the prototype designed in this study as an example,
according to the distribution of three-phase winding coils and
single-phase winding coils in the stator slots, the following
definitions are as follows:

Ca = [Ceelip - -~
Cp = [Ceetip - - - CeeliBli x2
CC = [CcellC - C

cellC]1><2
Cp =[Ceeip - - - Ceetinli x2

Ceeialixa

(34)

where C,.j is the distribution matrix of the coil in a certain
phase and a pole-phase group.

Then:
s = Cava
=C
¥B BYB (35
oc = Cc¥c
¢p = Cp¥p
[ dea depa db doa
eA = — = —a)r—
dt do dt do
oo o8 _ _depdd dep
B=""ar T a0 ar — " de 36
dpc _ dyc do dyc (36)
eC = = —a)r—
dt de dt do
on— 490 _ _depdd - dop
P=""a T a0 @ ~ " ae

Fig.8 shows the comparison of no-load line BEMF wave-
form of three-phase port in half a cycle obtained by ANA
and FEM. The effective values are 417.6V and 411.78V
respectively. Fig.9 shows the comparison of the no-load phase
BEMF waveform of single-phase port in half a cycle obtained
by the two methods. The effective values are 244.6V and
239.5V respectively.

As can be seen from Table 3, the calculation error of the two
methods for the no-load line BEMF of the three-phase port in
half a cycle is 1.03%. The calculation error of single-phase
port no-load line BEMF in half a cycle is 1.24%. It can be
seen that the calculated values of the two calculation methods
are very close.
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FIGURE 9. Comparison of the no-load phase BEMF waveform of
single-phase port.

TABLE 3. Comparison of error between simulation results and
experimental results.

Calculated value Relative error

Method Port BEMF N /%
no-load line BEMF 417.8 0
of three-phase port

FEM
no-load phase BEMF
_ 244.7 0
of single-phase port
no-load line BEMF 413.6 1.03
of three-phase port
ANA no-load phase BEMF
-load p 2413 1.24

of single-phase port

V. EXPERIMENTAL VERIFICATION

To verify the accuracy of nonlinear subdomain method, the
authors design and manufacture a 4-pole 48-slot STPDP-
PMSG with eccentric magnetic metal block structure. The
no-load experiments are carried out on the manufactured
prototype to measure the three-phase port line BEMF
and single-phase port phase BEMF. The experimental test
platform is shown in Fig.10. During the experiment, the
STPDP-PMSG is connected to an prime motor through a
coupling and the no-load test is performed at rated speed.
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FIGURE 11. The experimental waveform of the no-load line BEMF
waveform of three-phase port.
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FIGURE 12. The experimental waveform of the no-load phase BEMF
waveform of single-phase port.

Fig.11 shows the experimentally measured no-load line
BEMF waveform of three-phase port; the effective value is
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TABLE 4. Comparison of voltage experimental values, FEM calculated
values and ANA calculated values of STPDP-PMSG two ports.

Calculated Relative
BEMF Method value/V error/%
no-load line Experimental values 404.3 0
BEMF of three- FEM 417.8 3.4
phase port ANA 413.6 23
no-load phase Experimental values 236.7 0
BEMF of single- FEM 244.7 3.4
phase port ANA 241.3 1.9

404.3V. Fig.12 shows the experimentally measured no-load
phase BEMF waveform of single-phase port; the effective
value is 236.7V.

Combining Table 3 and comparing Figures 11 and 12,
a comparative table of the relative errors of ANA and
FEM analysis results relative to experimental results can be
obtained, as shown in Table 4.

As shown in Table 4, compared with the experimental test
results, the error values of the three-phase line BEMF and
the single-phase port BEMF calculated by the ANA are 2.3%
and 1.9%; the error values of the three-phase line BEMF and
the single-phase port BEMF calculated by the FEM are 3.4%
and 3.4%.

It can be seen that for the special stator structure of STPDP-
PMSG, the error value calculated by ANA is smaller than
the error value of FEM, thus verifying the correctness and
effectiveness of the ANA method in this paper.

VI. CONCLUSION

For the permanent synchronous magnet generator with sep-
arate three-phase port and single-phase port structure, the
authors have proposed a magnetic field analytical method of
nonlinear subdomain model to obtain an accurate magnetic
field model of STPDP-PMSG. This method solves the mag-
netic reluctance problem of stator and rotor materials which
is usually ignored in traditional analytical methods. It can
describe the electromagnetic parameters of STPDP-PMSG
more accurately and provide necessary reference for the
design of STPDP-PMSG. Compared with the finite element
simulation calculation results, the radial air gap flux den-
sity and no-load BEMF waveform of STPDP-PMSG port
calculated by the nonlinear subdomain method are in good
agreement, and the calculation error of the effective value is
low.

Meanwhile, the authors have used genetic algorithm to
optimize the design of the eccentric structure model of the
magnetic metal block of STPDP-PMSG.The optimization
results show that the distortion rate of the air gap flux density
waveform and the BEMF waveform of the two ports are all
effectively suppressed.

Based on this, a prototype has been manufactured and
tested by the authors. The test results of the no-load BEMF
of the two ports of the generator are in good agreement
with the results obtained by the nonlinear subdomain model,
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which verifies the accuracy and effectiveness of the analytical
method.
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