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ABSTRACT The structure and magnetic circuit of the modern permanent magnet (PM) generator are often
very complicated, which makes the traditional finite element analysis of magnetic field highly difficult.
This paper establishes an equivalent magnetic circuit model of a new double-radial PM generator using the
traditional equivalent circuit method and data analysis, introduces the calculation formulas of permeance
and leakage permeance (LP) in magnetic circuits in detail, analyzes the influence factors of the LP, and
provides the solutions. These studies will have a certain guiding significance for the design and optimization
of generator circuits. To obtain the best matching parameters, the main parameters of the generator are tested
and analyzed, such as the thickness of PM steel in the magnetization direction, length of PM steel, number
of pole pairs, and the thickness of spacer bush. Finally, a prototype is tested, and the results show that the
output characteristics of the designed double-radial PM voltage-stabilizing generation device are very good.

INDEX TERMS Data analysis, double-radial rare-earth permanent magnet, equivalent magnetic circuit
model, permeance analysis, vehicles, voltage-stabilizing generation device.

I. INTRODUCTION
Silicon rectifier generators, which are used in vehicles,
often use electric field winding to produce magnetic fields.
However, only a little part of the energy can be converted
into magnetic energy for electricity generation; most of the
electrical energy is dissipated as heat from the electric field
winding [1], [2]. In contrast, the permanent magnet (PM)
generator has low heat loss because PM steel was used
instead of excitation winding, and it has the advantages
of high efficiency and high reliability because of the use
of Nd-Fe-B PM material [3]–[6]. Therefore, many experts
and researchers have made many in-depth explorations on
PM generators. Saeid Javadi et al. designed and analyzed
a 42V coreless axial-flux permanent-magnet generator for
automotive applications. This structure is a special design
which is suitable for flux weakening at variable speeds.
Zhang et al. [7] conducted a contrastive study of two types
of armature topology of ultra-high-speed PM generator and
proposed a reasonable design scheme of armature winding.
Nishida et al. [8] proposed a small-scale active power filter
to regulate the output voltage of the designed variable-speed

interior PM synchronous generator by controlling its reac-
tive current component and filtering the harmonic current
generated by a non-linear diode rectifier load. A 1.5kW
laboratory prototype has been built to confirm the feasi-
bility of the proposed method. Chan et al. [9] analyzed the
steady-state and transient performance of a surface-inset PM
synchronous generator that feeding an isolated load used a
coupled-circuit, time-stepping, and 2D finite-element anal-
ysis. Cheng et al. [10] proposed an analytical model using
the d/q-axis model to estimate the maximal output power
that corresponded to the current and power angle of a high-
speed PM synchronous generator. Qazalbash et al. [11] cal-
culated the on-load rotor eddy current power loss of PM
machines using finite-element analysis methods, where they
considered the eddy current effect. Jang et al. [12] analyzed
the eddy current loss of a double-sided cored slotless-type
PM linear synchronous generator using the space harmonic
method. Zhang et al. [13] established a 2D transient electro-
magnetic field mathematical model for super-high-speed PM
generators using the circuit-field coupled time-stepping
finite-element method, and calculated the temperature
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distributions and cooling medium using the 3D finite volume
method. The obtained conclusion can provide a guiding
significance for the designing of super-high-speed PM
generators [14], [15].

By analyzing the existing results, we conclude that prior
studies mainly focus on the structure design, output perfor-
mance, voltage control, and generator loss. But the research
on the establishment and analysis of magnetic field model
of the generator is simple. However, the structure and mag-
netic field of modern PM generators are commonly very
complicated [16], [17], which causes a very complex process
of preprocessing and post-processing finite-element analysis.
To obtain more accurate simulation results, the quality of
the model subdivision must be very high, which leads to the
problem of a long simulation time and low efficiency. The tra-
ditional equivalent magnetic circuit method (TEMCM) [18]
based on the idea of a ‘‘field circuit’’ has the advantages of
clear physical meaning, easy realization, and short calcula-
tion time, so it is very suitable for the design and prediction
of the initial generator scheme. However, the studies using
this method commonly only provide the equivalent magnetic
circuit model (EMCM), and few people have analyzed each
part of the magnetic field model in detail. This study estab-
lishes the EMCM of the designed PM generator using the
TEMCM method and provides a detailed calculation method
for each permeance to evaluate the feasibility of the magnetic
field. The work has four contributions: (1) A new double-
radial rare-earth PM voltage-stabilizing generation device is
proposed, where the air-gap flux of each pair of poles is
provided by two adjacent tile-shaped PM steels which are
fixed on the rotor yoke and a rectangle PM steel which is
embedded in the rectangular groove of the rotor core, so that
its air-gap flux density is large and output power is high.
(2) The EMCM of the generator is established using the
TEMCM, and the calculation method of each permeance is
shown in detail, which has a certain guiding significance for
the design and optimization of the generator circuit. (3) The
generator’s 2D model is established using the finite-element
software, and the magnetic field is analyzed to verify the
rationality of the designed magnetic field. (4) The main struc-
tural parameters are optimized to improve the performance
of the entire machine, a prototype test is performed and the
results show that the designed generation device has a good
voltage regulation characteristic.

The remainder of this paper is organized as follows:
Section 2 establishes the EMCM and 2D simulation model
of the entire generator for the magnetic flux analysis.
Section 3 optimizes the structure of the entire machine and
verifies the output performance. Finally, Section 4 concludes
this work.

II. THE MAGNETIC FLUX ANALYSIS OF
DOUBLE-RADIAL PM GENERATOR
The whole structure of the double-radial PM generator is
shown in Figure 1, and the geometric constraint condition of
the rotor is shown in Figure 2. The double-radial PM rotor

FIGURE 1. Structure diagram of double-radial PM generator. 1. Electronic
regulator controller, 2. Axis, 3. Lock nut, 4. Rear cover, 5. Rotor,
6. Armature winding, 7. Stator, 8. Screws, 9. Tile-shaped PM steel, 10. Pole
boots, 11. Rectangle PM steel, 12. Front cover, 13. Die-cast aluminum
magnetic isolation bushing.

FIGURE 2. Diagram of the rotor geometric constraint. Magnetism
isolating air-gap I, 2. Magnetism isolating air-gap II.

is composed of the tile-shaped PM steels which are fixed
on the rotor magnetic yoke by non-magnetic screws and the
rectangular PM steels which embedded in the rectangular
groove of the rotor iron core. These two PM steels provide
one air-gap magnetic flux, which can increase the air-gap flux
density [19], [20]. The magnetism isolating air-gaps I and II
are arranged on the rotor core to avoid magnetic leakage of
the PM steels.

A. MAGNETIC CIRCUIT ANALYSIS
On one pair of poles, two adjacent tile-shaped PM steels and
one rectangular PM steel are connected in series to provide
flux to the air-gap. Based on this, the equivalent magnetic
circuit diagram is drawn [21]–[23], as shown in Figure 3.

According to Ohm’s law and Kirchhoff’s law of magnetic
circuits, we can establish the EMCM as follows (1), as shown
at the bottom of the next page.

The detailed calculation formula of all parameters are as
follows:
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FIGURE 3. Equivalent magnetic circuit diagram of the double-radial PM
generator.

1) Fc1 is the equivalent magnetic potential of tile-shaped
PM steel and can be calculated by:

Fc1 = Hcbm1 (2)

where Hc is the permanent magnetic field intensity and bm1
is the thickness of tile-shaped PM steel in the magnetization
direction.

2) Fc2 is the equivalent magnetic potential of rectangle PM
steel, and it can be calculated by:

Fc2 = Hcbm2 (3)

where bm2 is the thickness of rectangle PM steel in the
magnetization direction.

3)Gm1 is the equivalent magnetic permeance of tile-shaped
PM steel, and it can be calculated by:

Gm1 = µr1µ0
Sm1
bm1

(4)

where µr1 is the relative permeability of the Nd-Fe-B PM
material, and µr1 = 1.2; µ0 is the permeability of vacuum,
and µ0 = 4π × 10−7H/m; Sm1 is the surface area of tile-
shaped PM steel, and Sm1 = 2hm1lm1, where hm1 is the half
width of tile-shaped PM steel, and lm1 is axial length of tile-
shaped PM steel.

4) Gm2 is the equivalent magnetic permeance of rectangle
PM steel, and it can be calculated by:

Gm2 = µr1µ0
Sm2
bm2

(5)

where Sm2 is the surface area of rectangle PM steel Sm2 =

hm2lm2, where hm2 is the width of rectangle PM steel, and
lm2 is the axial length of rectangular PM steel.

5) Gmσ is the leakage permeance (LP) that is converted
that is converted to the two ends of PM steel, and it can be
calculated by:

Gmσ = Gmσ1+ Gmσ2+ Gmσ3 (6)

À Gmσ1 is the LP between two axial end the surfaces of
tile-shaped PM steel, and it can be calculated by:

Gmσ1 = 0.125µ0hm (7)

where hm is the width of tile-shaped PM steel, and
hm = 2hm1.

Á Gmσ2 is the LP between the two sides of tile-shaped PM
steel, its calculation formula is as follows:

Gmσ2 = µ0
lm1
π

[(
a2

a2 − a1
ln
a2
a1

)
− 1

]
(8)

where a1 is the interelectrode distance of tile-shaped PM steel
in the direction of the inside diameter, and, a1 =

θ1π
180Rr0,

where θ1 is the included angle of tile-shaped PM steel, Rr0 is
the radius of the rotor core, and a2 is the interelectrode dis-
tance of tile-shaped PM steel in the direction of the external
diameter; and a2 =

θ1π
180 (Rr0 + bm1).

Â Gmσ3 is the LP of the non-magnetic screw and can be
calculated by:

Gmσ3 = µr2µ0
πd2ld
2lld

(9)

where µr2 is the relative magnetic permeability of stainless
steel, and µr2 = 1.3; dld is the diameter of the non-magnetic
screw; and lld is the effective length of the screw, lld = bm1.
6) GP is the permeance of pole boots, and it can be

calculated by:

Gp = µr3µ0
Sp
bp

(10)

where µr3 is the relative magnetic permeability of iron, and
µr3 = 2000; SP is the entire surface area of one pole boot,
SP = Sm1; and bP is the thickness of pole boots.
7) Gmp is the LP between adjacent pole boots and can be

calculated by:

Gmp = µ0
bp

τ − hp
lp (11)

where τ is the polar distance; hP is the width of pole boots,
hP = 2hm1; and lP is the axial length of pole boots, lP = lm1.
8) Gδ is the main air-gap permeance and can be calculated

as follows:

Gδ = µ0
Sδ
δ

(12)



8m = 8mσ +8mp +8mc +8u

Fc1 = 8m
1
Gm1
+8mσ

1
Gmσ

8mσ
1

Gmσ
+ Fc1 + Fc2 = (8m −8mσ )

(
2
Gδ2
+

1
Gj3
+

2
Gδ3
+

1
Gm2
+

1
Gj2
+

1
Gm1
+

2
Gδ1
+

2
Gp

)
+8mp

1
Gmp

8mp
1
Gmp
= (8m −8mσ −8mp)

2
Gδ
+8mc

1
Gmc

8mc
1
Gmc
= 8u

(
2
Gt
+

1
Gj1

)
+ Fad

(1)
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where Sδ is the air-gap surface area between one magnetic
pole of the PM rotor and stator, Sδ = Sm1, and δ is the air-gap
length between the rotor and the stator.

9)Gδ1 is the additional air-gap permeance between the tile-
shaped PM steel and the pole boots, it can be calculated by:

Gδ1 = µ0
Sδ1
δm1

(13)

where Sδ1 is the air-gap surface area between the tile-shaped
PM steel and the pole boots, Sδ1 = Sm1, and δm1 is the air-gap
length between the tile-shaped PM steel and the pole boots.

10) Gδ2 is the additional air-gap permeance between the
rotor core and the tile-shaped PM steel, and its calculation
formula is as follows:

Gδ2 = µ0
Sδ2
δm2

(14)

where Sδ2 is the air-gap surface area between the rotor core
and the tile-shaped PM steel, Sδ2 = Sm1, and δm2 is the air-
gap length between the rotor core and the tile-shaped PM
steel.

11) Gδ3 is the additional air-gap permeance between the
rotor core and the rectangle PM steel, and it can be calculated
by:

Gδ3 = µ0
Sδ3
δm3

(15)

where Sδ3 is the air-gap surface area between the rotor core
and the rectangle PM steel, Sδ3 = Sm3, and δm3 is the air-gap
length between the rotor core and the rectangle PM steel.

12) Gmc is the total LP between stator teeth and can be
obtained by calculating the value of each part of the stator
slot. The stator slot and stator leakage flux calculation seg-
ment diagram are shown in Figure 4, and Gmc is calculated
as follows:

Gmc = Gmc1+ Gmc2+ Gmc3+ Gmc4 (16)

FIGURE 4. Schematic diagram of the stator slot and stator tooth of the
generator.

À Gmc1 is the LP of the rectangle part of the stator slot
notch, and it can be calculated by:

Gmc1 = µ0Lm
2hs1 − (bs1 − bs0) tgα

2bs0
(17)

where Lm is the thickness of the stator iron core; hs1 is the
height of the stator slot wedge; bs1 is the width of the small

end of the stator slot; bs0 is the width of the stator slot notch;
and α is the angle between the slot wedge inclined plane and
stator tooth.

Á Gmc2 is the LP of the first isosceles trapezoid portion of
the stator slot, and it can be calculated by:

Gmc2 = µ0Lm
(bs1 − bs0) tgα
bs1 + bs0

(18)

Â Gmc3 is the LP of second isosceles trapezoid portion of
the stator slot, and it can be calculated by:

Gmc3 = µ0Lm
2hs2

bs2 + bs1
(19)

where hs2 is the trapezoid height of the stator slot, and bs2 is
the width of the big end of the stator slot.

Ã Gmc4 is the LP of the semi-circular portion of the stator
slot, and it can be calculated by:

Gmc4 = µ0Lm
2
π

(20)

Therefore, the total LP between stator teeth is:

Gmc = µ0Lm

[
2hs1 − (bs1 − bs0)tgα

2bs0
+

(bs1 − bs0)tgα
bs1 + bs0

+
2hs2

bs2 + bs1
+

2
π

]
(21)

13) Gt is the total permeance of stator tooth, which can be
obtained by dividing stator tooth to different parts according
to the magnetic circuit and calculating the permeance of
each part. The stator tooth can be divided into an approxi-
mate rectangle (A1), two isosceles trapezoids (A2 and A3)
and an irregular pattern (A4), which is shown in the C dia-
gram in Figure 4. The departments of A1, A2, A3 and A4
are connected in series, and the total permeance Gt can be
calculated as:

1
Gt
=

1
Gt1
+

1
Gt2
+

1
Gt3
+

1
Gt4

(22)

À Gt1 is the permeance of part A1, and it can be calculated
by:

Gt1 = µr4µ0
St1
bt1

(23)

where µr4 is the relative magnetic permeability of silicon
steel, and µr4 = 8000; St1 is the average cross sectional area
of an approximate rectangle (part A1), St1 = bt1Lm; and bt1
is the stator tooth width, and, bt1 =

πDi1
36 − bs0, where Di1 is

the inner circle diameter of stator, and Lm is the length of the
stator core.

Á Gt2 is the permeance of part A2, and it can be calculated
by:

Gt2 = µr4µ0
St2
bt2

(24)

where St2 is the average cross sectional area of the isosceles
trapezoid (part A2), St2 = 1

2 (bt1 + bt2)Lm; bt2 is the width

of the big end of the stator tooth, and bt2 =
π
(
Di1+hsl

)
36 − bs1.

23942 VOLUME 6, 2018



X. Zhang et al.: Permeance Analysis and Calculation of the Double-Radial Rare-Earth PM Voltage-Stabilizing Generation Device

Â Gt3 is the permeance of part A3, and it can be calculated
by:

Gt3 = µr4µ0
St3
bt3

(25)

where St3 is the average cross sectional area of the isosceles
trapezoid (part A3), and St2 = 1

2 (bt1 + bt2)Lm, where bt3 is
the width of the small end of the stator tooth, and

bt3 =
π
(
Di1+hs1 + hs2

)
36

− bs2.

Â Gt4 is the permeance of part A4, and it can be calculated
by:

Gt4 = µr4µ0
St4
bt4

(26)

where St4 is the average cross sectional area of irregular
graphics (part A4), because part A4 is approximately a isosce-
les trapezoid, St4 = 1

2

[
bt3 +

π(bh+Di1)
36

]
Lm, where bt4 is the

radial average length of part A4, and bt4 =
bs2
2 .

14) Gj1 is the stator yoke permeance and it can be calcu-
lated as follows:

Gj1 = µr4µ0
Sj1
bj1

(27)

where Sj1 is the average cross sectional area of the stator yoke,
Sj1 = hjLm, where bj1 is the tangential average length of the
stator yoke. The section of the stator yoke is similar to a ring,
so, bj1 = π

12 (D1 + Di1 + bh), where D1 is the outer circle
diameter of the stator.

15) Gj2 is the permeance of rotor core from the tile-shaped
PM steel to the rectangle PM steel, and it can be calculated
by:

Gj2 = µr4µ0
Sj2
bj2

(28)

where Sj2 is the average cross sectional area of the rotor
core from the tile-shaped PM steel to the rectangle PM steel,
Sj2 = θ π

180

(
Rr0 − 1

2 t3
)
lm, where θ is the angle between

magnetism isolating air-gap II and the abscissa of the axis
center, t3 is the distance from the rectangle PM steel to the
edge of the rotor core, and lm is the thickness of the rotor
core, lm = lm1;bj2 is the radial average length of the rotor
core from the tile-shaped PM steel to the rectangle PM steel,
and bj2 =

[
t3 +

(
Rr0 −

hm1
sin θ

)]
. The specific size of the PM

rotor is shown in Figure 2.
16) Gj3 is the permeance of the rotor core from rectangle

PM steel to tile-shaped PM steel, and it can be calculated by:

Gj3 = µr4µ0
Sj3
bj3

(29)

where Sj3 is the average cross sectional area of the rotor
core from rectangle PM steel to tile-shaped PM steel,
Sj3 =

[
πhm1
4 tan θ − (2hm1 − hm2)

]
lm. bj3 is the radial average

length of the rotor core from the rectangle PM steel to tile-
shaped PM steel, bj3 = 2 [Rr0 − (Rz + t1 + t2)] − t3, where

Rz is the radius of rotor shaft, t1 is the thickness of the
magnetic isolation bushing, and t2 is length of the magnetic
isolation bushing bulge.

The leakage coefficient of the double-radial PM generator
can be obtained using the above settlement formula.

σ0 =
8m

8u
(30)

Because the leakage coefficient of the double-radial PM
rotor is large and the utilization of PM steel is low, it is
necessary to take effective measures to reduce magnetic
leakage [23]. To reduce the magnetic leakage between pole
boots, we can use a magnetic separation material to fill the
gap between the pole boots. In order to avoid the magnetic
leakage between two poles of PM steel, we can add magnetic
isolation bushing on the shaft [25].

B. MAGNETIC FIELD SIMULATION ANALYSIS
The magnetic field mathematical model is established
according to Maxwell equations [26], [27], as follows:

∮
l H · dl =

∫
S (J +

∂D
∂t

) · dS∮
l E · dl = −

∫
S
∂B
∂t
· dS∮

S B · dS = 0∮
S D · dS =

∫
V ρ · dV

(31)

where H is themagnetic field intensity, and its unit is A/m; J is
the current density, and its unit is A/m2; E is the electric field
intensity, and its unit is V/m; B is the magnetic induction, and
its unit is T; D is the electric displacement vector, and its unit
is C/m2; and ρ is the charge density, and its unit is C/m3.
And the relationships among the field quantities of the above
model are: D = εE , B = µH , J = σE , where ε is the
dielectric coefficient, and its unit is F/m;µ is the permeability,
and its unit is H/m; and σ is the electronic conductivity, and
its unit is S/m.

By meshing the model, setting the magnetization direc-
tion, applying a load and setting the boundary conditions,
we establish the finite-elementmodel of the double-radial PM
generator as shown in Figure 5. By analyzing the generator

FIGURE 5. 2D model of the double-radial PM generator.
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FIGURE 6. Flux distribution diagram.

FIGURE 7. Magnetic flux density vector diagram.

FIGURE 8. Modulus value of the magnetic flux density.

model, we obtain the flux distribution, magnetic flux density
vector diagram and modulus value of the magnetic flux den-
sity, which are shown in Figure 6 to Figure8.

In Figure 6, on the samemagnetic pole, themagnetic flux is
provided by two adjacent tile-shaped PM steels and one rect-
angular PM steel, and the distribution of the magnetic field
is uniform. The vector diagram of the magnetic flux density
shows that the direction of the simulated magnetic field is
identical to that of the designed magnetic field. As shown
in Figure 8, the magnetic flux density of the air-gap is 1.5 T,
which has not reached the saturation flux density of silicon
and satisfied the design requirement [28]–[30].

III. PERFORMANCE TEST
To obtain the optimal parameters that match with the entire
machine, the main parameters, which include the thickness
of PM steel in the magnetization direction, length of PM
steel, number of pole-pairs, the thickness of spacer bush, turns
of each armature winding, cross sectional area of armature
winding conductor, etc., are optimized in performance tests.

1) The thickness of PM steel in the magnetization direction
When the thicknesses of PM steel in magnetization direc-

tion is 2.0 mm, 2.5 mm, 3.0 mm, and 3.5 mm, the output
voltages are tested and shown in Figure 9.

FIGURE 9. The output voltage with different thickness values of PM steel
in the magnetization direction.

In Figure 9, when the thickness of PM steel in the magne-
tization direction is small, the output voltage increases when
the thickness increases. When the thickness reaches a certain
value, the change of output voltage is not obvious with the
increase in thickness. This particular thickness can become
the optimal thickness of PM steel in the magnetization direc-
tion and is 3 mm.

2) Length of PM steel
When the length of PM steel is 20 mm, 25mm, 30mm, and

35mm, the output voltages are tested and shown in Figure 10.

FIGURE 10. The output voltage with different lengths of PM steel.

In Figure 10, when the length of PM steel is small, the out-
put voltage quickly increases with the increase in length.
When the PM steel length reaches a certain value, the output
voltage slowly increases with the increase in length. This
particular length can become the optimal length of PM steel
and is 32 mm.

3) Number of pole-pairs
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When the number of pole-pairs is 5, 6, 7, and 8, the output
voltages of generator are tested and illustrated in Figure 11.

FIGURE 11. The output voltage with different pole-pairs.

In Figure 11, when the number of pole-pairs is small,
the frequency and output voltage are low. Hence, the output
voltage quickly increases when the number of pole-pairs
increases. When the numbers of pole-pairs reach a certain
value, the output voltage is maximal. Then, with the increase
of the number of pole-pairs, the output voltage decreases
because of the increase of internal reactance, therefore, more
pole-pairs are not necessarily better. The overall performance
and the use of PM steel magnetic properties should be con-
sidered. In this paper, the better number of pole-pairs is 6.

4) The thickness spacer bush
When the thickness of the spacer bush is 2 mm, 3 mm,

4 mm, and 5 mm, the output voltage is tested and shown
in Figure 12.

FIGURE 12. The output voltage with different spacer bush thickness.

In Figure 12, when the thickness of the spacer bush is
small, the output voltage is low because of magnetic leak-
age. It quickly increases with the increase of spacer bush
thickness, but the increase rate decreases when the thickness
reaches a certain value. Therefore, the spacer bush thickness
should be appropriate, if the thickness is too small, the mag-
netic leakage will be very large. And if the thickness is too
large, the use space of PM steel will be reduced. In this paper,
the thickness of the spacer bush is 4 mm.

5) Turns of armature winding
When the rotor parameters of the generator are decided,

the turns of each armaturewinding are 5 turns, 6 turns, 7 turns,

and 8 turns, respectively. The output voltage are tested and
shown in Figure 13.

FIGURE 13. The output voltage cure with various numbers of per pole
armature winding turns.

In Figure 13, the output voltage increases when the arma-
ture winding turns are small and decreases when the turns
reach a certain value because of the increase in internal
reactance. In this paper, the number of armature winding
turns is 6.

6) Cross sectional area of the armature winding conductor
When the parameters of the generator rotor and number of

armature winding turns are decided, the cross sectional areas
of the armature winding conductor are 4.4 mm2, 4.6 mm2,
4.8 mm2, and 5 mm2, respectively. The output voltage curve
with different cross sectional areas is illustrated in Figure 14.

FIGURE 14. The output voltage with different cross sectional areas of the
armature winding conductor.

As seen from Figure 14, the larger the cross sectional
area of armature winding, the higher the output voltage.
However, if the cross sectional area is too large, the generator
volume will increase, and the cost will be very high. In this
paper, the cross sectional area of armature winding conductor
is 4.8 mm2.
Through the parameter optimization analysis, Nd-Fe-B is

used as the PM material, and its remnant magnetic induc-
tion (Br) is 1.27 T, the coercivity (Hc) is 915 kA/m, and the
maximum energy product ((BH)max) is 295 kJ/m3 [31], [32].
The thickness of PM steel in the magnetization direction
is 3 mm, the length of PM steel is 32 mm, the number of pole-
pairs is 6, the thickness of spacer bush is 4 mm, the number
of armature winding turns is 6, the cross sectional area of the
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armature winding conductor is 4.8 mm2, The generator rated
voltage is 14 V, the rated power is 2000W, and the rated speed
is 4000 r/min. The newly developed double-radial rare-earth
PM voltage-stabilizing generation device is tested from low
speed to high speed in the generator comprehensive perfor-
mance test-bad, and the test results are shown in Table 1.

TABLE 1. Generator output voltage with various rotary speeds and load
powers.

Table 1 shows that the performance indicators can satisfy
the design requirement. When the generator speed varies
from 2000 r/min to 4800 r/min and the load power varies
from 1.9 kW to 2.1 kW, the output voltages remain steady
at 13.13 ∼ 14.31 V, which shows that the designed generator
has good regulator performance.

IV. CONCLUSIONS
In this paper, the TEMCM is adapted to establish the EMCM
of the double-radial rare-earth PM generator, the influence
factors of the leakage coefficient are analyzed, and magnetic
isolation measures are taken to reduce magnetic leakage and
improve the generator efficiency.

The major parameters of the designed generator are exper-
imentally analyzed, and the optimal matching parameters are
obtained. As a result, a double-radial rare-earth PM generator
is developed and which has the advantages of low power
consumption, low failure rate, high efficiency and high power
density.

To validate the performance of the developed generator,
performance tests are performed with various rotary speeds
and load power. The results show that when the speed varies
from 2000 r/min to 4800 r/min and the load power varies
from 1900W to 2100W, the output voltage remains steady at
13.13 ∼ 14.31 V, which indicates that the designed generator
has a good regulator performance.
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