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Abstract: Extended-range electric vehicles have both a motor and an engine; the motor is used for
driving, and the engine generates electricity via a range extender, which is connected to the motor.
The permanent magnet generator is part of the range extender, and the output voltage is controlled by
adjusting the engine’s speed; the generator’s rotating speed fluctuates, meaning that the engine’s fuel
consumption increases. Meanwhile, considering the limited axial dimension of the range extender,
an axial-radial disk hybrid generator that combines excitation is developed, making full use of the
radial space; at the same time, the output voltage is adjusted without changing the engine’s speed. In
this study, the generator’s magnetic field hybrid principle, the path of permanent magnetic circuit,
and the electric excitation magnetic circuit under different loads were analyzed and verified via the
finite element method. A comparative analysis method was also used, the technical index of the
disk hybrid excitation generator was determined, and the main structural parameters were designed
using theoretical calculations. The three-dimensional finite element model was established based
on the results, and a finite element analysis was performed. An equivalent magnetic circuit model
was established, and the formulas of synthetic permeability, leakage permeability, and effective

permeability were determined. The finite element method (numerical method) and equivalent
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updates magnetic circuit method (analytical method) were used to calculate the synthetic magnetic fields of
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Due to recent developments in science and technology, people’s living standards have
improved, the number of vehicles has risen year by year, and exhaust emissions have
become more severe. The world is ever more focused on environmental protection, and
electric vehicles have been widely recognized as a new solution to reduce vehicle exhaust

BY emissions and avert a fossil fuel energy crisis [1,2]. Compared with pure electric vehicles,
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vehicles and hybrid electric vehicles. We predict that EREVs represent the future of electric
vehicles [6].

The generator is an important part of an EREV’s range extender, and it greatly impacts
the vehicle’s performance. A permanent magnet generator is often used in range extenders
both at home and abroad, and the power density of the axial flux permanent magnet
motor is higher than that of the radial flux permanent magnet motor. The rotor is typically
replaced with a permanent magnet to reduce the motor volume and improve the power
density [7].

Ref. [8] considered the main parameters that affect the fundamental amplitude of a
no-load voltage and the total harmonic distortion degree of an axial flux permanent magnet
motor. The polar arc coefficient of a permanent magnet and side width of a coil were
improved using an algorithm. The maximum fundamental amplitude and the minimum
harmonic content were the optimization objectives. The optimization design’s reliability
was verified via finite element simulation.

Ref. [9] used an external rotor permanent magnet synchronous generator to overcome
problems associated with high temperatures generated during the application of the range
extender. Moreover, the authors designed a variable section channel with turbulent flow.
Through the coupling of the magnetic, temperature, and stress fields, the motor was
simulated, analyzed, and optimized. The motor’s heat dissipation performance was, thus,
enhanced. This design also guaranteed a good temperature equalization performance and
provided a new idea for designing the cooling system.

However, the hybrid excitation generator used a permanent magnet material and
electro-magnetic winding for joint excitation, combining the advantages of an electro-
magnetic generator and a permanent magnet generator. It possesses not only the electro-
magnetic generator’s good adjustment characteristics but also the permanent magnet
generator’s high power density, efficiency, and reliability. We believe that hybrid excitation
generators represent the future of range extender generators [10,11].

Professor Soichi Ishii of Tohoku University, Japan, Professor Zhu Xiaoyong of Jiangsu
University, China, and other researchers proposed the potential structure of low-rare-earth
permanent magnet motors with combined excitation [12,13]. The motor’s rotor had a
double-layer permanent magnet structure; the inside of the rotor was made of ferrite, and
the outside of the rotor was made of rare earth permanent magnet material. A hybrid
excitation motor was proposed by Professor Zhu Zigiang of the University of Sheffield,
United Kingdom: the permanent magnet was fixed on the inner stator teeth in the hybrid
excitation motor, the exciting winding was wound in the inner stator slot, and two kinds
of excitation sources co-existed to reduce the quantities of rare earth permanent magnet
materials and conveniently adjust the magnetic field [14].

Using structural optimization design to improve the utilization of rare earth perma-
nent magnet materials is another important research direction for low-rare-earth permanent
magnet motors. It can be increased to change the number and position of the permanent
magnet slots to improve the torque density of the motor, as shown in [15]. The permanent
magnet slots were divided into three layers: the outermost layer has a ‘linear’ shape, where
there is no permanent magnet, and the other two layers have a ‘U’ shape, with permanent
magnets placed on both sides. In [16], the D-axis inductance was increased by changing
the rotor core shape, setting the magnetic barrier, and performing rounding. In addition, a
layered magnetic steel structure was proposed, and the structural parameters were opti-
mized to achieve an optimal combination of electro-magnetic torque and magnetoresistive
torque. Thus, the volume of the rare earth permanent magnets was reduced [17].

Quan Xiaowei et al. of the Xi’an University of Technology proposed a dual-rotor
hybrid excitation axial flux switching generator. The generator had a middle stator and
two external rotors. The stator was composed of a number of double H-shaped iron cores
and permanent magnets, and the rotor consisted of a disk rotor formed by superimposing
silicon steel sheets. The armature coil was wound on the side teeth between the permanent
magnet and the H-shaped core, and the excitation winding material was wound on the
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middle teeth. The hybrid excitation generator had high torque density and large torque,
but as the structure used a dual-rotor structure to balance the axial magnetic tension, there
was a double-layer air gap [18].

Ref. [19] established a simulation model of a permanent magnet generator with an
external rotor for electric vehicle range extenders using the finite element method. The
cogging torque, potential waveform, and harmonic magnitude were improved by installing
a reasonable chute. The parameters of the optimal chute angle, air gap, and width of the
slot were optimized to maximize the generator’s efficiency.

Ref. [20] considered issues related to the optimization of the tooth zone of a homopolar
inductor generator with non-overlapping concentrated coils. Recommendations for the
tooth zone’s optimal parameters were made by analyzing the magnetic field using the
machine’s cross-section. Ref. [21] discussed various aspects of design optimization for the
traction SHMS, using a one-criterion unconstrained Nelder-Mead method; an original
two-dimensional finite element model of a SHM was also used, drastically reducing the
computational burden, thus enabling objective optimization.

Thus far, many scholars have conducted research into permanent magnet and hybrid
excitation generators, but generators for a range extender are mainly permanent magnet
generators, the magnetic field of which is not adjustable; it can only rely on adjusting the
speed of the range extender’s generator to achieve output-voltage stabilization, increasing
the engine’s fuel consumption. Firstly, to solve the above problems, a disk hybrid excitation
generator with a small-sized axial designed for the range extender was installed in the
extended-range electric vehicle. According to the structure scheme, the feasibility analysis
of the operating principle of the generator was performed by analyzing the magnetic
circuit. Secondly, the performance index of the generator was determined; the main
structural parameters, such as the permanent magnet, excitation winding, and armature
winding, were calculated according to the performance index; and the geometric model
was established according to the calculation results. Finally, the formulas of synthetic
permeability, leakage permeability, and effective permeability were derived based on the
equivalent magnetic circuit model. The magnetic field of the generator was analyzed using
the equivalent magnetic circuit method and the finite element method, and the structural
parameters were then optimized. The magnetic induction intensity in the generator’s air
gap, rotor yoke, and rotor tooth were then calculated. The comparison and analysis of the
calculation results of the two methods show that the generator’s operating principle was
feasible and its structure was reasonable. It provided a scientific design method for the
development a of hybrid excitation generator for an EREV range extender.

2. Structure Design of Disk Hybrid Excitation Generator

The structure of the disk hybrid excitation generator for an EREV range extender is
shown in Figure 1, including outer disk rotor, outer armature winding, combined stator
core, permanent magnet, excitation winding, shell, inner disk rotor, inner armature winding,
inner rotor teeth, magnetic yoke, excitation core, magnetic insulation sleeve, shaft, and outer
rotor teeth. In the structure, the radial permanent magnet flux and axial electro-magnetic
flux are synthesized in the outer disk rotor and inner disk rotor for the hybrid excitation,
giving the generator high power density and good voltage regulation. In addition, the
double air gap symmetry structure, composed of a middle stator and two rotors, balances
the axial magnetic pull of the disk hybrid generator.
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Figure 1. Structure diagram of disk hybrid excitation generator for range extender of EREV. 1. Outer
disk rotor, 2. Outer armature winding, 3. Combined stator core, 4. Permanent magnet, 5. Exciting
winding, 6. Shell, 7. Inner disk rotor, 8. Inner armature winding, 9. Inner rotor teeth, 10. Magnetic
yoke, 11. Excitation core, 12. Magnetic insulation sleeve, 13. Shaft, 14. Outer rotor teeth.

3. Analysis of the Operation Principle of Disk Hybrid Excitation Generator

The disk hybrid excitation generator’s shell is connected to the body of the engine, the
flywheel is connected to the inner disk rotor to drive the inner disk rotor’s rotation, and
the inner disk rotor rotates the outer disk rotor with the shaft. During rotation, the radial
parts of the outer and inner armature winding cut the synthetic magnetic field, composed
of the electro-magnetic and permanent magnetic parts, and induced electromotive force is
generated in the outer and the inner armature winding.

According to the change in load, the excitation current is adjusted to adjust the
synthesized magnetic field, and the output voltage is stabilized. When the load is low, the
magnetic field produced by the permanent magnet meets the requirements. At this point,
there is no exciting current in the excitation coil, with only the magnetic flux generated
by the permanent magnet present in the magnetic circuit. The magnetic circuit generated
by the permanent magnet is shown in Figure 2 and has the following specifications: the
N pole of the permanent magnet — magnetic yoke — air gap J; — disk rotor — air gap
69 — combined stator core — S pole of the permanent magnet. When the load increases,
the generator’s output voltage decreases, and a direct exciting current enters the excitation
coil to generate the same air gap magnetic flux in the direction of air gap magnetic flux
generated by the permanent magnet. The magnetic flux has two parts. (1) The magnetic
circuit generated by the permanent magnet is shown in Figure 2 and has the following
specifications: N pole of the magnet — magnetic yoke — air gap J; — disk rotor — rotor
teeth — air gap J, — excitation core — combined stator core — S pole of the permanent
magnet. (2) The magnetic circuit generated by the excitation coil is shown in Figure 3 and
has the following specifications: N pole of the excitation core — combined stator core —
adjacent excitation core on the same side — air gap J; — rotor teeth — disk rotor — air
gap 61 — S pole of the excitation core. The directions of the electric field and the permanent
magnetic field passing through the armature winding are identical, and the synthetic flux
is superimposed on each of them, resulting in the flux being enhanced in the air gap. When
the engine rotates the disk rotor, the magnetic flux through the armature winding changes
constantly, thus alternating the generated current.
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Figure 2. Magnetic circuit diagram of permanent magnet field. 1. Outer disk rotor, 3. Combined
stator core, 4. Permanent magnet, 5. Exciting winding, 7. Inner disk rotor, 9. Inner rotor teeth,
10. Magnetic yoke, 11. Excitation core, 14. Outside rotor tooth.
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Figure 3. Magnetic circuit diagram of electro-magnetic magnetic field. 1. Outer disk rotor, 3. Com-
bined stator core, 5. Excitation windings, 7. Inner disk rotor, 9. Inner rotor tooth, 11. Excitation core,
14. Outer rotor teeth.

4. Design of Structural Parameters
4.1. Determination of Performance Parameter Index

The generator for the range extender designed in this paper is used in low-speed
electric vehicles, widely used by elderly drivers in China. Its maximum speed is only
40 Km/h, the weight of the vehicle is only 300 kg, and the power of the drive motor is from
1.5 Kw to 3 Kw. Combined with the technical indicators of the model YH3000-DJKT range
extender, which is manufactured by Langfang Jintai electric vehicle Co., Ltd. in Langfang
City of China the main technical indicators of the disk hybrid excitation generator are
determined as shown in Table 1.

Table 1. Main technical indicators.

Technical Indicators Value Technical Indicators Value
Rated voltage 72V Number of phases 3
Rated power 3000 W operating mode continuous duty
Rated speed 3300 r/min Operating temperature ~ From —40 °C to 75 °C

Insulation class E Class Protection level 1PX4
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The rated power of the disk hybrid excitation generator is 3000 W in this paper. To
reduce excitation loss, the permanent magnet is used as the main excitation source, and the
electrical excitation is used as the auxiliary excitation source. Therefore, the rated power of
the permanent magnet is 2000 W, while the rated power of the electrical excitation is 1000 W.

4.2. Parameter Design of Permanent Magnet

The volume of the permanent magnet was calculated via the short-circuit triangle
method [22] according to Formula (1):

(PN)cos¢=OUOCFK klz
3.54kaBMHM ki—1

Vit = 108 (1)
where Py is the power factor of the generator when cosg = 0, Py = 2000 W; 0 is the magnetic
leakage coefficient, oy = 1.4; Cr is the magnetic potential coefficient, Cr = 1.11; « is the
pole-arc coefficient, « = 0.8; K is the magnetic potential conversion coefficient of the direct

axis armature reaction, K = “Z;ﬁlﬁf‘” = 0'82526”27'?4” = 0.9; Kp is the waveform factor when
o ;

the magnetic field waveform is sine, Kg = 1.11; f is the frequency, f = % = 440; p is the
number of pole-pairs, p = §; n is the generator’s rated speed; k; is the short-circuit current
multiple, where the value of k; is taken to be four to obtain a higher voltage adjustment rate;
By is the magnetic induction intensity of the no-load operating points of the permanent
magnet, By; = 0.85 Br and Br = 1.12 x 10* Gauss; Hy is the magnetic field intensity in the
permanent magnet in the steady short circuit, Hy; = 0.65 H;, where 1 Ost = 80 A/m and
coercive force H, = 9950 Ost; and cosg is the power factor, cosg = 0.85.

The above data were substituted into Formula (1) to calculate the volume of the
permanent magnet: Vy; = 20,834 mm?.

As cos@ = 0.85, according to the relevant literature, when cosg > 0, the influence of the
armature reaction on the demagnetization of the permanent magnet weakens, the volume
of the permanent magnet is appropriately reduced, and the reduction values are AVj; and
AVy= 0.125V), so Vyy= 20,834 x (1 — 0.125) = 1.823 x 10* mm?>.

The structural parameter design of the permanent magnets is usually divided into
three parts: the length of magnetization direction, radial cross-sectional area, and axial
length. Here, the axial length is equal to the axial length of the combined stator core.

Using the permanent magnet’s total volume, the volume of each pair of permanent
magnets is calculated, and the calculation method is shown in Formula (2).

v = @
p
where V, is the volume of each antipode of the permanent magnets, V, is the total volume
of permanent magnet, and p is the number of pole-pairs. Using this calculation, the volume
of each antipode of the permanent magnets was determined to be 2278 mm?3.

After calculating the assigned volume of each antipode of the permanent magnets,
we determined the structural parameters of each permanent magnet; here, the magnetic
potential provided by each pole was first calculated, and then the magnetization direction
length and radial cross-sectional area were calculated according to the magnetic potential
provided. According to Formula (3), the required magnetic potential of the permanent
magnet for a pair of external magnetic paths under a rated load is calculated.

2
Fyp = FsKoKs = V—KaKsthcSB& 3)
0

where F; is the magnetic potential drop under an antipode, Fs= 2K56Hs = %KMB(;; H;is
the magnetic field intensity in the air gap; K, is the increasing coefficient required to deter-
mine the magnetic potential of the permanent magnet to overcome the demagnetization of
the armature reaction; K; is 1.1; Ks is the magnetic circuit saturation coefficient, Ks = 1.1; K5
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is the air gap coefficient, K5 = 1.2; J is the length of the air gap, 6 = 0.5; B, is the magnetic
induction intensity in the air gap, Bs = 0.9 T; and p is the permeability in the vacuum,
po =47t x 1077 H/m.

The magnetic potential required by the permanent magnet for an antipode outer
magnetic circuit under the rated load is 1035 A.

The length of magnetization direction, radial cross-sectional area, and magnetic flux of
each pole in the air gap of the permanent magnet were calculated using the formulas below.
Formula (4) was used to calculate the magnetization length of the permanent magnet,
Formula (5) was used to calculate the radial cross-sectional area of the permanent magnet,
and Formula (6) was used to calculate the air gap flux per pole.

_ Em

by = Hyp (4)
\%

Sm = ﬁ )
BumS

b= = (6)

where by is the magnetization length of permanent magnet, Sy is the radial cross-sectional
area of permanent magnet, ¢ is the air gap flux per pole, ¢y is the magnetic leakage
coefficient, and Hys and By, are the magnetic field intensity and magnetic induction intensity
of the permanent magnet at the operating point.

We calculated that the length of magnetization direction of permanent magnet was
2 mm, the radial cross-sectional area of permanent magnet was 1139 mm?, and the air-gap
flux per pole was 774.5 x 10~¢ Whb.

According to design experience and the parameters of the combined stator core, we
determined the internal radius of the tile-shaped permanent magnet R; to be Ry = 120 mm.

The axial length of the permanent magnet was calculated based on Formula (7), and
the outer radius of the tile-shaped permanent magnet was calculated based on Formula (8).

Ry = Ry + by )

Lo— Va ®)

2 2\ 30°
(mRy" — Ry )3600

where R, is the external radius of the tile-shaped permanent magnet, by is the length
of the magnetization direction of the permanent magnet, R; is the internal radius of the
tile-shaped permanent magnet, L, is the axial length of the tile-shaped permanent magnet,
V. is the volume of the permanent magnets per antipode. We calculated that Ry = 122 mm
and L; = 18 mm.

4.3. Structural Parameter Design of the Magnetic Yoke

The magnetic yoke is tile-shaped and made of steel material. The inner cambered
surface is fitted to the cambered surface of the permanent magnet, and the outer cambered
surface is fitted to the inner cylinder surface of the non-magnetic shell. The number of
magnetic yokes is eight, the radians of the magnetic yoke and the permanent magnet are
30°, and the position of the magnetic yoke corresponds to that of the permanent magnet,
being evenly distributed on the circumference.

According to Formula (9), the axial cross-sectional area S; of the magnetic yoke can be
calculated as follows:

%o b, ©)

where ¢; is the magnetic flux of the permanent magnet per pole in the air gap; Bs is
the magnetic induction intensity in the magnetic yoke, Bs = 0.7 Br; and S; is the axial
cross-sectional area of the magnetic yoke.
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We calculated the axial cross-sectional area of the magnetic yoke S; to be 494 mm?,

with the inner radius of the yoke being 122 mm.
The outer radius Rs and thickness h;, of the magnetic yoke are calculated according to
Formulas (10) and (11):
L 30
360°
Rs = R4+ hb (11)

S, = (nRg - nRﬁ) (10)

where S is the axial cross-sectional area of the magnetic yoke, Rs is the outside radius of
the magnetic yoke, Ry is the inner radius of the magnetic yoke, and hy, is the thickness per
magnetic yoke.
The outer radius of the yoke Rs is 129.5 mm, and the thickness of the yoke iy, is 7.5 mm.
According to the overall size of the disk hybrid excitation generator, the axial length
of the yoke Ly is 99 mm.

4.4. Parameter Design of Electro-Magnetic Winding

The electro-magnetic winding was wound on the excitation coil bracket, and the adja-
cent electro-magnetic winding was connected in series and turned in opposite directions,
with the number of turns being the same; therefore, the alternating N pole and S pole
arrangement of the electro-magnetic winding is formed.

The number of times that electro-magnetic winding had to be performed was calcu-
lated via Kirchhoff’s second law [23,24]: XHL = NI, & uillo = IN. Using this equation,
we determined that the algebraic sum of magnetic pressure was equal to the algebraic sum
of each magnetic flux potential value in a closed magnetic circuit. The following equation
describes the electromagnetic characteristics of the magnetic circuit and combines electricity
and magnetism:

Byl Byl Byl
oo , b1h ,  Pob

= IN (12)
Up Uy, - Ug Uy, - Ug

where By is the magnetic induction intensity in the air gap; B; is the magnetic induction
intensity in the stator; B, is the magnetic induction intensity in the rotor, By = By = B = 0.85
B, =0.952T; Iy is the length of the air gap magnetic circuit, [y = 26 = 1 mm; /1 is the length
of the magnetic circuit in the stator, /; = 200 mm; /; is the length of the magnetic circuit in
the rotor, I = 160 mm; g is the permeability in the vacuum, yy = 47 X 107 H/m; u,q is
UFep _

Ho
u;gz = 8000; I is the current in the electro-magnetic winding, I =1.5 A; and

N is the number of times that electro-magnetic winding was performed.
We calculated that number of turns of electro-magnetic winding N was performed
566 times. Thus, number of turns per pole of electro-magnetic winding is 75.

the relative permeability of the stator, u,; = 200; ury is the relative permeability of

the rotor, u,, =

4.5. Design of Wire Embedding Mode of Armature Winding

The armature winding includes single-layer winding, double-layer winding, and
mixed winding. Depending on the winding shape and embedding method of the coil, it
can be subdivided into two types: fractional slot concentrated winding and distributed
winding [25,26]. Single- or double-layer winding is generally used in the generator; the
single-layer winding method is simple and the utilization rate of slots is high, though the
coil cannot easily achieve mutual inductance, whereas double-layer winding produces
good electromotive force with a sine waveform and its pitch is easy to adjust. The disk
hybrid excitation generator presented in this paper uses the single-layer fractional slot
concentrated winding method and star connection mode, and its winding pitch is one.

The advantages of fractional slot concentrated winding are as follows: each winding
only occurs around one magnetic tooth, the end of the winding is short, and copper
consumption is reduced; the coil is simple to manufacture and maintain; the tooth is wide
and not easy to saturate; and the utilization rate of slots is high. An illustration of armature
winding is shown in Figure 4.
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Figure 4. The unfolded drawing of armature winding.
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5. Finite Element Analysis of Magnetic Field

The disk hybrid excitation generator has a complex structure, while that of the mag-
netic field distribution is three-dimensional. Moreover, a magnetic saturation phenomenon
occurs, and it is nonlinear, meaning that it cannot be obtained via an analytical method.
Finally, the finite element method is a variation-based numerical calculation method, and
the electromagnetic field’s accurate distribution is obtained via such a method.

5.1. Finite Element Equation of Three-Dimensional Magnetic Field

The rotor structure of the disk hybrid excitation generator used in an EREV range
extender is complicated, meaning that the distribution of the magnetic field is also com-
plicated, as it presents obvious three-dimensional field characteristics and is difficult to
analyze and calculate. As the vector A in the three-dimensional field includes the compo-
nents x, y, and z, the application of the finite element method is more complicated than for
the two-dimensional field [27,28].

When the static field is analyzed, the magnetic field in the motor becomes a three-
dimensional constant magnetic field or a radial stretching of a two-dimensional magnetic
field, and the magnetic field intensity H and current density | satisfy the Ampere loop law.

V-H=] (13)
According to the law of magnetic flux continuity
V-B=0 (14)

where B is the magnetic induction intensity, for H = B/, u is the magnetic conductivity,
and for B = A x A, A is the vector potential. By substituting H = B/u and B = A x A into
Formula (13), Formula (15) can be obtained as follows:

v-(;VxA>_] (15)

If the magnetic resistance is v = 1/, by substituting v = I/y into Formula (15),
Formula (15) can be expressed as follows:

V. (0V x A) =] (16)
AX ]x vx 0 0

A= 4yl 1=, o=]0 o, 0 (17)
A, Jz 0 0 v,

After substituting A, |, and v in Formula (17) into Formula (16), Formula (16) is expanded,
and three partial differential equations are obtained, which are Formulas (18)—(20).

d A, 9A, d dAy  9A:\] _
ay[”2<ax‘ 3y ﬂ ‘az[”y<az‘ ax)] =Ix 18)
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&[Z’X(a}, _¥>]_£[Z’Z<W_ ay )] = 19)
d [ (9A: A 3 (A, AN _
a[W(? ax)] @[U%w )| = 20)

As B = A x A, the components of B in the x, y, and z directions are shown in
Formulas (21)—(23).

dA, DA,
x:a_yz_yzAzy_Ayz (21)
0A 0A
By = a_zx - axz = Axz — Azx (22)
0A 0A
Y
B = =t - ay" = Ayy — Ay (23)

The magnitude of magnetic induction intensity B is defined as follows:
B = (B,% + B2+ Bg) (24)

As H=B/u and 1/u = v, the expressions of the component of magnetic field intensity
H in the x, y, and z directions can be obtained. They are shown in Formulas (25)-(27).

Hy = 03By = 0x(Azy — Ayz) (25)
Hy = vyBy = vy(Axz — Azx) (26)
Hz - UZBZ = Uy (Ayx - Axy) (27)

5.2. Establishment of the Finite Element Model

As the structure of the disk hybrid excitation generator is complex, it is difficult to
model it using the finite element software; thus, a geometric model of the generator was
built using 3D modeling software and imported into the finite element software. Then, the
electro-magnetic winding and permanent magnet models were established using the finite
element software, and the material properties and magnetization direction were defined.
The permanent magnet was made of NdFe35, and the N and S poles were arranged. The
direction of magnetization was radial. The combined stator, inner disk rotor, and outer disk
rotor component used a silicon steel sheet DW360_51, the magnetic yoke and excitation core
are used steel, and the winding used copper. To cut the simulation time, the quarter model
of the generator was analyzed. A three-dimension finite element model of the generator is
shown in Figure 5.

Inner disk rotor

Combined stator

Magnetic yoke
[~ Exciting winding

T

Outer disk rotor

Excition core

Figure 5. Three-dimensional finite element model of disk hybrid excitation generator.
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The finite element grid of the disk hybrid excitation generator is shown in Figure 6.
As the rotor of the generator was made of silicon steel, its magnetoresistance was much
smaller than that of the air gap, meaning that most of the magnetic field was stored in the
air gap [29,30]. For the calculation accuracy, the more grids present in the air gap magnetic
field, the higher the calculation accuracy of the model, though the calculation time was also
longer. Therefore, considering the accuracy and calculation efficiency, the number of grids
in the finite element model was 260,551.
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:
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Figure 6. Finite element meshing.

5.3. Magnetic Field Analysis

When the excitation coil was not energized, only the permanent magnetic field gener-
ated by the permanent magnet was present in the magnetic circuit. The related magnetic
dense cloud is shown in Figure 7. Based on the magnetic dense cloud, the specific dis-
tribution of the magnetic field and saturation of each part of the magnetic field could be
determined. Based on the magnetic density vector map, the magnitude and direction of
the magnetic flux passing through a given area could be obtained. Figure 7 shows that
the magnetic field was concentrated and saturated in the part of the combined stator core
closed to the central axis (the part marked by a yellow circle). Therefore, that part was
optimized, and the radial thickness was increased; the optimized magnetic dense cloud
map is shown in Figure 8. At this point, the magnetic saturation phenomenon disappeared.
When only the permanent magnet underwent excitation, the effective magnetic field was
located in the rotor teeth of the disk rotor; the magnetic density of the disk rotor is shown in
Figure 9. At this point, the magnetic field distribution of the disk rotor was more uniform,
and the magnetic induction intensity at the edge of the disk rotor near the magnetic yoke
was greater, consistent with the actual situation.

Figure 7. Primitive magnetic dense cloud map.
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Figure 9. Magnetic density of the disk rotor.

When the current passes into the excitation coil, the increasing effect of the magnetic
induction intensity can be achieved, and when the value of the current is different, the
effect is different. When 1 A and 2 A is passed through the excitation coil, respectively,
magnetic density vector maps and magnetic dense cloud maps on the surface of quarter
model are obtained at different currents. They are shown in Figures 10 and 11.

@) (b) (©)

Figure 10. Magnetic density vector map and magnetic dense cloud map when the value of excitation
current is 1 A: (a) magnetic density vector; (b) magnetic dense cloud map, (c) magnetic dense cloud
map of disk rotor.
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Figure 11. Magnetic density vector map and magnetic dense cloud map when the value of excitation
current is 2 A: (a) magnetic density vector; (b) magnetic dense cloud map; (c) magnetic dense cloud
map of disk rotor.

The specific values of magnetic induction intensity are shown in Table 2. Figures 8 and 11
show that when the value of excitation current is 0 A, only magnetic flux is generated by the
permanent magnet in the model, and the magnetic induction intensity at the stator tooth is
0.7848 T. When the forward current (1 A) passes through the excitation winding, the maximum
magnetic induction intensity is 2.1744 T, and the magnetic induction intensity at the stator
tooth is 1.1015 T. When the forward current (2 A) passes through the excitation winding, the
maximum magnetic induction intensity is 2.4382 T, and the magnetic induction intensity at
the stator tooth is 1.4630 T. We can see that the synthetic magnetic induction intensity in the
stator tooth increases in line with the increase in the current. Therefore, the effective magnetic
flux in the rotor tooth can be adjusted by adjusting the value of the excitation current.

Table 2. Magnetic induction intensity.

i Magnetic Induction Intensity Maximum Magnetic
Exciting Current (A) at Stator Tooth (T) Induction Intensity (T)
0.0 0.7848 1.1770
1.0 1.1015 2.1744
2.0 1.4630 2.4382

6. Equivalent Magnetic Circuit Analysis
6.1. Magnetic Circuit Analysis of the Permanent Magnet Part

The no-load effective magnetic flux was obtained using the working diagram of
the magnet. In the process of solving, firstly, the direct axis equivalent magnetic circuit
diagram was drawn based on the specific magnetic circuit structure, and then the synthetic
permeance Gy, leakage permeance Gg, and no-load leakage magnetic coefficient oy were
calculated [31,32].

For the disk hybrid excitation generator, taking into account the additional air gap
between the magnetic yoke and the combined stator core, the additional air gap between
the combined stator core and the disk rotor, and the magnetic potential drop of the magnetic
yoke and disk rotor, the leakage flux was divided into two categories: ¢s_s (between the
magnetic yoke and the combined stator core) and ¢s_ps (magnet itself). The corresponding
equivalent magnetic circuit diagram for the no-load operation is shown in Figure 12. In
Figure 12, the permeance of the magnetic yoke (each) is G, the leakage permeance of the
permanent magnet is Gsy, the leakage permeance between the magnetic yoke and the
combined stator core is Gs_s, the permeance between the magnetic yoke and the inner
disk rotor is G, the permeance of the inner disk rotor is G4, the permeance between the
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inner disk rotor and the combined stator core is G457, and the permeance of the combined
stator core is G;.

Gz G. Gs: G

]
}_{

Gsi G. Gz G-

—
—

| Fu -

Figure 12. Equivalent magnetic circuit of the permanent magnet part.

By solving Figure 12, the synthetic permeance Gy was obtained as follows.

1
Go=Gsm + (28)

1 1 1
(7 ey s Wi EO s S W

T
Gs1 ' Gg " Gsp ' Gs Gs1 ' Gg ' Gyp ' Gs

The leakage permeance Gs was obtained as follows.
1(1 1 1 1
Hditditdatd)

2 1 1 1 1 1 2 \1 1 1 1 1
(F+i(d+d+di+d)) +eu(@)i(E+E+d+)

The no-load magnetic leakage coefficient oy was obtained as follows.

Gs = Gsm + Gg—ys ¥ (29)

2 2 2 2 2 2 2 2 2
=1 G Gs_ — =+ —+ = GsmM=— [14+Gs—ys| =— + =—+—=—+ = 30
%=1+ (Gom + s yS)(Gél +Gd+GzSZ+Gs>+ SMGy[ oo ys( et " )} G0

Based on Kirchhoff’s first law and Ohm’s magnetic circuit law, the following simulta-
neous equations could be used:

2 1 1 1 1 1
FMOZ(Q”M—‘PsM)(Gj)+7'4’U(G71+G7+G72+§) (31)
Fuo = Psm.
0 Gsm
We determined via Formula (30) that:
2 Ps—ys  Psm
(=) (G5 ) + 5 - 62)

Due to ¢pp1 = ¢u + ¢s—ys + ¢sm. Through an algebraic operation, the solutions to the
simultaneous equations were solved. As ¢p1 = FprG

4750 = ¢sfys + 4)SM = FMGS (33)
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Puo = ¢m — ¢s = Fm(G — Gs) = FpGu (34)

where G is the synthetic permeance, G; is the synthetic leakage permeance, and G is the
effective permeance. Here, Fy;, G, and Gs were substituted into Formula (31), and the total
flux, leakage flux, and effective flux of the permanent magnet part were obtained.

6.2. Magnetic Circuit Analysis of the Electro-Magnetic Part

The equivalent magnetic circuit diagram of the electro-magnetic part is shown in
Figure 13. In Figure 13, the permeance of the magnetic yoke (each) is G, the leakage
permeance of the permanent magnet is Ggg, the leakage permeance between the disk rotor
and the combined stator core is Gs_ g5, the permeance between the disk rotor and the inside
disk rotor is Gs1, the permeance of the disk rotor is G, the permeance between the disk
rotor and the combined stator core is G4, the permeance of the combined stator core is Gs,
and the permeance of the permanent magnet is Gp;. The synthetic magnetic permeance Gy,
synthetic magnetic leakage permeance G, and no-load magnetic leakage coefficient oy of
electro-magnetic part were obtained by analyzing Figure 13.

1

Go = Ggg + 1 1 (35)
G T Ge_get 1
o Ottt ot
1

Gs = Gsg + Gs_gs X =0 (36)

G

1+ 1 2 1 +Gs—als(;%sz

GS

D

G
Gz

Figure 13. Equivalent magnetic circuit of electro-magnetic part.

7. Comparative Analysis of the Calculation Results of the Two Methods

The air gap flux and flux density in no-load conditions and the flux density of the
rotor teeth and rotor yoke of the generator were obtained using the field calculator of the
finite element software [33,34]. The magnetic density in the finite element software was
compared with the magnetic density in the equivalent magnetic circuit analysis. The flux
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densities of each part under no-load conditions are shown in Figure 14. In Figure 14, EMCM
stands for the equivalent magnetic circuit method, while FEM stands for the finite element
method. We can see that the calculated results of the equivalent magnetic circuit are similar
to those of the finite element simulation, and the synthetic magnetic fields of each part
calculated via equivalent magnetic circuit methods are slightly higher than those calculated
via the finite element method. The synthetic magnetic field in the air gap increased with
the increase in the excitation current. Thus, the output voltage and power also increased.
Therefore, the method of field-circuit combining for designing the generator was reasonable
and effective, and the increase in the excitation current improved the output power and
voltage of the generator.

2.2 . : . : . . . . .

[ ™ Flux density in rotor teeth(EMCM)

20 F—e—o Flux density in rotor teeth(FEM)
Flux density in rotor yoke(EMCM)

18 |

| [ ¥ Flux density in rotor yoke(FEM)

1.6 |-~ * Flux density in air gap(EMCM)

| [ Flux density in airgap(FEM)

14|

12

10

Flux desity(T)

0.8 I
0.6 -

04
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Figure 14. The magnetic density of each part on no-load.

8. Conclusions

To overcome the defects of the generator used in a EREV range extender, a new type
of disk hybrid excitation generator was proposed; the axial dimension of the generator was
reduced and the radial space of the range extender bin was used effectively in the structure,
making it especially suitable for use in an EREV range extender.

(1) Though the magnetic circuit of the disk hybrid excitation generator was analyzed,
we found that the electro-magnetic flux did not pass through the permanent magnet,
preventing the electro-magnetic field from influencing the permanent magnet and
reducing the occurrence of irreversible demagnetization, although the axial magnetic
flux and radial magnetic flux of the disk hybrid excitation generator share part of the
magnetic circuit. Combined with magnetic circuit analysis, the operating principle of
the disk hybrid excitation generator was also analyzed.

(2) According to the requirements of the existing EREV power supply system, the perfor-
mance indicators of the disk hybrid excitation generator and the power distributions
of the electro-magnetic part and permanent magnet part were determined, and the
structural parameters of the disk hybrid excitation generator were set. The generator’s
three-dimensional geometric model was established based on the results.

(3) To further optimize the structure of the generator, the equivalent magnetic circuit
models of the permanent magnet and the electro-magnetic parts of the disk hybrid
excitation generator were established, and the equivalent magnetic circuit model was
analyzed via Kirchhoff’s first law and Ohm’s magnetic circuit law. The formulas for
total flux, leakage flux, and effective flux were derived.

(4) According to the structural characteristics of the disk hybrid excitation generator, a
three-dimensional finite element model was established, and the structural parameters
were optimized through finite element analysis, eliminating the magnetic circuit’s
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saturation. The synthetic magnetic field under different currents was analyzed, and we

confirmed that the synthetic magnetic field could be effectively adjusted by adjusting

the excitation current. We also confirmed that the operating principle of the generator
was reasonable.

(5) The equivalent magnetic circuit and finite element methods were used to calculate
the magnetic density of the air gap J,, the rotor tooth, and the rotor yoke under
no-load conditions, and a comparative analysis was performed. The results of the
equivalent magnetic circuit method mirror the results of the finite element simulation,
proving that the established equivalent magnetic circuit and finite element models
were relatively accurate.

The design and magnetic circuit analysis methods for the disk hybrid excitation
generator are provided, providing theoretical support for the design and development of a
disk hybrid excitation generator for use in a range extender in an EREV. The generator’s
application will boost the range extender’s performance in extended-range electric vehicles.
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