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ABSTRACT This article presents the design and operation of a deflection type double stator switched
reluctance generator (DDSRG) for wind turbine applications. The DDSRG can generate electricity with high
efficiency according to the different wind directions. A deflectable SRG model is proposed to achieve the
above requirements, which can deflect in space with different wind directions. First, this article introduces the
special structure of the DDSRG. And the operating principle of DDSRG with special structure is explained.
At the same time, the mathematical model of the external generator is built as an example. The voltage
characteristics of DDSRG under different wind conditions such as directions, wind speeds, and deflection
angles are studied. The comparison between the analytical method and the finite element method verifies the
accuracy of the theory. Finally, the proposed DDSRG is tested to verify its power generation characteristics.

INDEX TERMS Deflection, double stator, efficiency, generator, SRG.

FREQUENTLY USED SYMBOLS 8 Air gap interval
o Angle of incidence Nj Number of stator poles
Bi Angle of refraction N, Number of rotor poles
u1  Rotor permeability Bs Pole arc of stator
u2  Permeability of magnetic isolation material B, Pole arc of rotor
8 Air gap lengths hest Yoke height of outer stator

L Inductance of the generator

0; Rotor position angle

U, A-phase voltage

E,  A-phase winding potential

iy A-phase winding phase current
R,  A-phase winding resistance

heso Yoke height of internal stator
her Yoke height of rotor

Iy Length of core

o Range of rotor deflection
Acd Rated current density

Va  A-phase flux linkage ny Rated rotation speed
w  Angular velocity Py Rated power
N Number of turns per phase Tn Rated rotating torque
D1 Outer radius of outer stator Uy Rated voltage
Dy>  Inner radius of inner stator h; Thickness of magnetic isolation
D;1 Outer radius of rotor £ Integral difference
Dy>  Inner radius of rotor Urxp  Voltage value measured by the experimental data
Uasm  Voltage value measured by analytical method
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Wy Conversion efficiency
y Wind direction Angle

I. INTRODUCTION

As a new concept of motors, it has appeared for nearly five
decades. Switched reluctance motor has the characteristics
of simple structure, reliable operation, high torque and high
efficiency. It is widely used in important fields such as electric
vehicles, textile industry and coke industry [1], [2]. With
the advancement of technology and manufacturing process.
Many prototype models of switched reluctance generations
have been manufactured and studied. References [3]-[9].
These proposed switched reluctance motors have different
structures and can be used for various purposes. Most of these
proposed motors are used for special purposes. Therefore,
their energy conversion rate is not very good. This is also the
existing shortcoming of the switched reluctance motor.

Compared with single stator generators, double stator gen-
erators have better efficiency [10]-[12]. At the same time, the
switched reluctance motor with double stator structure also
has higher accuracy and better material utilization [13]. The
double stator structure will inevitably increase the loss of the
motor, which is also a problem that needs attention [14].

At present, many switched reluctance generators are
combined with wind power generation [15]-[18]. Usually,
the wind direction will affect the efficiency of the generator.
When the energy of the wind is fixed and the angle of devia-
tion between the wind and the turbine is increased, the energy
obtained by the generator will obviously decrease. When the
angle between the wind and the turbine is too large, the gen-
erator will not be able to provide enough power supply to the
outside. Many optimization methods for switched reluctance
motors are mentioned in the references [19]—[24], but these
methods have their own limitations, and in many cases where
the wind direction is unstable, the efficiency of power gen-
eration cannot be effectively improved. In order to improve
the power generation efficiency of the generator, this article
combines the concept of multiple degrees of freedom with
the generator. Most existing multi-DOF motors are motor
structures [25]-[30]. If the angle of the rotating blades can be
deflected to a certain extent, the efficiency of the generator
will inevitably be improved.

Compared with the traditional SRG, this structure has
the better accuracy and response speed. At the same time,
it can achieve greater efficiency utilization of wind energy by
adjusting the deflection angle and has better energy utilization
effect compared with the non-deflection SRG. The SRG pro-
posed in this article has the capability of spatial deflection,
and the deflection angle can be adjusted by detecting the
external wind direction to achieve true high-efficiency opera-
tion. This deflectable structure greatly improves the power
generation efficiency of SRG, which has very important
significance for the future wind power generation system.

At present, the optimization of generators is centered on
how to improve their work efficiency. Efficient generators can
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FIGURE 1. Schematic diagram of generator (a) Entity drawing,
(b) Schematic diagram of bottom, (c) Internal structure of double stator
generator, (d) Rotor deflection diagram.

save a lot of resources. Inefficient generators waste a lot of
social resources. If the efficiency of all generators can now
be increased by 5%, the annual electricity savings will exceed
5.4 billion kWh. The saved energy is re-integrated and used
in other fields, avoiding unnecessary waste.

In this article, a DDSRG is proposed. DDSRG integrates
the concept of generator and multi-degree of freedom. The
multi-degree of freedom of the generator makes it possible to
improve the efficiency. Especially in the harsh environment
and frequent wind direction changes, DDSRG can effectively
improve the power generation efficiency.

The research shows that the deflection type double stator
switched reluctance generator proposed in this article can
effectively improve the efficiency of power generation. It can
be verified through experiments that the efficiency of the
generator is increased by 5~8% every time the wind direction
and turbine offset angle are reduced by 5°.

Il. TOPOLOGY AND WORKING PRINCIPLE
A. BASIC STRUCTURE
Fig. 1 shows the schematic diagram of four different states
of the deflection type double stator switched reluctance gen-
erator, in which Fig. 1. (a) shows the appearance of the
generator entity, Fig. 1. (b) shows the bottom of the entity.
Fig. 1. (a) and Fig. 1. (b) can well show the appearance of
the SRG. Fig. 1. (c) shows the internal structure diagram of
the double stator generator, and it can also show the state
diagram of the generator at a certain moment of rotation.
Fig. 1. (d) shows the internal structure diagram of the motor
when the rotor deflects. Fig. 1. (c) and Fig. 1. (d) can well
show that the SRG is in two states of rotation and deflection.
Fig. 2 shows the structure of the deflection type double
stator SRG, which consists of a measuring device, fixing
device, bearing, shell and internal motor. The measuring
device can detect the motion state of the rotor and judge
whether the rotor is in rotation or deflection. The fixed device
is the guarantee of the stable operation of the motor. One side
of the bearing is connected with the rotor. When the shaft is
driven by an external force, it can drive the rotor to move in
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FIGURE 2. Structure of deflection type double stator switched reluctance
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TABLE 1. Main specifications of the generator.

Parameter Quantity Size
N Number of turns per phase 200
Dy, outer radius of outer stator 300mm
Dy, Inner radius of inner stator 13.5mm
D,; outer radius of rotor 108mm
D,, inner radius of rotor 43.3mm
g air gap interval 2mm
Ny number of stator poles 12
N, number of rotor poles 8
Ps pole arc of stator 15
b pole arc of rotor 16.2
Dest yoke height of outer stator 13.5mm
hess yoke height of internal stator 11.5mm
her yoke height of rotor 16mm
1l length of core 90mm
o range of rotor deflection 0~17°
Aea Rated current density 6A/mm’
ny Rated rotation speed 200r/min
Py Rated power 2.5kW
Ty Rated rotating torque 70N'‘m
Uy Rated voltage 380V
h; Thickness of magnetic isolation 15mm

the same state. The shell can protect the internal motor and
the shell is also an indispensable part of the motor.

The inside of the deflection type double stator switched
reluctance generator is mainly composed of three parts: the
inner stator, the outer stator and the rotor. The two stators are
distributed with centralized windings, which are connected
with the outer circuit. When the energy is converted, the con-
version from mechanical energy to electrical energy can be
realized.

The generator’s parameters are shown in Table 1.

B. PRINCIPLE OF GENERATOR

The deflection type double stator SRG can be regarded as
two different SRGs: internal SRG and external SRG. When
the rotor is driven by an external force, the rotor position
sensor collects the rotor position and realizes excitation and
continuous current generation through closed-loop control.
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FIGURE 3. Generator control circuit diagram.
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FIGURE 4. Section diagram of generator.

The power generation principle is similar to that of general
switched reluctance generator. Due to the page limitation,
there is no need to elaborate on it in detail.

Unlike the traditional SRG, the deflection SRG adopts an
internal and external double stator structure, so the control
circuit can be connected with the external stator and the
internal stator by two sets of equipment. It can be considered
that the outer stator winding is divided into three phases
A, B and C, and the inner stator winding is divided into
three phases D, E and F to form two sets of external control
circuits.

Fig. 3. shows the control circuit diagram of the generator.
The control circuit is mainly composed of the following parts:
diode, conduction switch, excitation voltage source, etc. The
diode is responsible for power supply and continuous current,
and the conduction switch is responsible for driving and
controlling the generator.

Fig. 4. shows the cross-section of the generator, with the
corresponding angle and phase number distribution of the two
parts of the winding marked.

C. MAGNETIC SHIELDING CHARACTERISTIC

It is worth mentioning that a special ‘“magnetic shield”
(magnetic separator) is provided on the rotor. This “‘magnetic
shield” is different from the silicon steel plate used in the
rotor stator. It is a material with a very low permeability.
“Magnetic shielding” can well separate the magnetic field
generated by the inner and outer stators, avoid magnetic field
interference, and have a positive effect on the generator’s
power generation characteristics.
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FIGURE 5. Effect of magnetic shielding on magnetic field line.

Fig. 5 shows the influence of “magnetic shielding” on
the magnetic field line in the rotor. It can be seen from the
figure that the inner teeth and outer teeth of the magnetic field
line of the rotor without ‘“magnetic shielding” will interfere
with each other, and the magnetic field line formed between
the inner teeth and the outer teeth of the rotor with “magnetic
shielding”™ structure will cycle within its own tooth range,
so as to achieve the purpose of magnetic shielding.

In Fig. 5, there is a certain interval between the stator and
the rotor, and the magnetic line of force is transmitted through
the air gap between the rotor and the stator.

The four angles marked at the interface meet the following
formula:

tan o 1'%
tanB;
where «; and S; are the angles shown in Fig. 6, i = 1,2.

When the magnetic permeability of the two kinds of mate-
rials is different, the magnetic lines of force will be refracted
to a greater extent when passing through the interface, and
will be biased toward the material with the larger magnetic
permeability. According to formula (1), it can be known that
the magnetic field connection between the inner and outer
stators can be effectively cut only by selecting a magnetic iso-
lation material with a small magnetic permeability to achieve
the purpose of isolating the magnetic field.

Fig. 7. (a) shows the rotor stress distribution during
three-phase power generation, and Fig. 7. (b) shows the
stress distribution during three-phase power generation.
Fig. 7. (c) shows the relationship between the average
stress and thickness on the magnetic isolation ring during

ey
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FIGURE 6. Schematic diagram of “magnetic shielding” interface.
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FIGURE 7. Analysis of the stress.

three-phase power generation. As the magnetic isolation
thickness increases from zero, the average stress gradually
decreases from 699.82 N/m2. When the magnetic isolation
thickness reaches 15 mm, the average stress reaches a mini-
mum of 402.15 N/m2. When the magnetic isolation thickness
increases, the average stress gradually increases.

(a) the rotor stress distribution during three-phase power
generation (b) the stress distribution during three-phase
power generation, (c) the relationship between the average
stress and thickness on the magnetic isolation ring during
three-phase power generation

Fig. 8. is a temperature distribution diagram of a generator.
It can be seen from the figure that the electric heating part
is mainly concentrated on the internal and external stators.
The heat dissipation space of the inner stator is relatively
small, so the temperature is high, while the heat dissipation
space of the outer stator is large, so the temperature is low.
This temperature distribution does not change much under
deflection.
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FIGURE 8. Temperature distribution of generator.
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FIGURE 9. Relationship between inductance and rotor position.

Ill. ANALYSIS OF GENERATOR MATHEMATICAL MODEL,
AIR GAP, IRON CONSUMPTION AND EFFICIENCY

A. ANALYSIS OF GENERATOR INDUCTANCE

The voltage and current generated by the deflection type dou-
ble stator switched reluctance generator are closely related to
the inductance value. Therefore, firstly, the inductance of the
generator is analyzed. Formula (2) points out several different
expressions of the inductance at different conduction angles.
The significance of the conduction angle can be obtained
from Fig. 9.

Liin 0 <6 <6,
Linax — Liin) (0 — 6
(max mm)( 2)+Lmin 92595 5
L©®) = 03 — 62
Lmax 9359594
Linax — Liin) (0 — 6,
Lmax_(max mtn)( 4) 9459595
03 — 6,
(2)

where 6 is the position where the rotor slot centerline coin-
cides with the stator salient pole centerline. 65 is the rotor
position angle when the leading edge of the rotor tooth
and the leading edge of the stator tooth coincide. 65 is
the rotor position angle when the leading edge of the gener-
ator rotor and the trailing edge of the stator coincide. 6y is
the rotor position angle when the trailing edge of the rotor
coincides with the leading edge of the stator. 65 is the rotor
position angle when the trailing edge of the rotor tooth pole
coincides with the trailing edge of the stator tooth pole.

Next, A-phase will be taken as an example to establish an
ideal phase voltage model and analyze it.

When the rotor position angle is 6, or O,¢r, the generator
is in the excitation state, and its voltage equation can be
expressed as:

Uys = —Eq +i4Ry 3
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where E, is the A-phase winding potential. i, is the A-phase
winding phase current. R, is the A-phase winding resistance.
When the rotor position angle 6 > 6, the generator is in
the power generation stage, and the voltage can be expressed

as:
—Us=—Eq+ iRy 4

The flux linkage of the ideal linear model winding can be
expressed as:

wa = Lig ©)
Further obtain the corresponding A-phase winding
potential:
dvyr, di, . 0L 96
¢ dt dr 96 ot ©)
The voltage equation can be obtained by Equations 4 and 6:
cu, =%y, (200 g 7
= —_— 1 —_——
T ar  “\aoar

Ignore the resistance voltage drop across the generator

winding:

_ Vo _ dYadd _d¥a
dt  de dr de
where dy, = i%d@

When 6,, < 6 < 0, the flux equation can be expressed
as:

+U, ®)

Ua
¥ (0) = — (0 = Oon) €))
w

When 0,5 < 0 < 20, — 6,y the flux equation can be
expressed as:

Ua
Y () = — (2o — o —6) (10)
B. ANALYSIS OF GENERATOR ELECTROMAGNETIC
TORQUE
The electromagnetic torque can be expressed as:
0 0 <6;
o = Lwin) 2 < < 7,0, <0 < 0,
—] 202-061)
T (Lmax — Lmin) (1 D
—— 1>01,01 <0 <6,
2(02—01)
0 th =<6 <063

where i; is the Critical current.

The inner rotor generator composed of the outer stator and
the outer rotor is the main analysis object. Under the ideal
linear model, analyze the change law of A, B, C three-phase
magnetic flux. The direction from the inner diameter to the
outer diameter is the positive direction of the magnetic flux
of the stator and rotor tooth poles, and the counterclockwise
direction is the positive direction of the magnetic flux of
the stator and rotor yoke. Excitation in the order of A-B-C-
A, the magnetic flux expression of the outer stator teeth is
obtained as:

Dypa Dypnr AR
Oy | =—| Pyp | = o 0 —1 0] wg
40 Dy Pt 0 1 We

(12)
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4,

FIGURE 11. Schematic diagram of axial air gap length.

where ¥4, ¥p, Y are the flux linkage of each phase wind-
ing, ®gpa, Oypp, Pspc are the magnetic flux of each phase
winding.

The expression of the magnetic flux of the outer stator
yoke is

Dy Dyer 1 1 -1 1 <I>spA

Dser | =— | Oy | = E 1 -1 -1 qupB

D3 D3 1 1 -1 chpC
(13)

where @4, ®gpp, Pypc are the magnetic flux of each phase
yoke.

Figure 10 shows the torque comparison between DDSRG
and traditional SRG. It can be seen from the figure that the
torque ripple of DDSRG is large, which is determined by its
deflectable structure.

C. ANALYSIS OF GENERATOR AIR GAP ANALYSIS

It can be seen from Fig. 11. that the values of the axial
air gap lengths §,; and 8,5 of the conventional cylindrical
motor before and after the deflection movement cannot be
kept consistent. This situation will cause the axial air gap of
the motor to be uneven and affect the performance of the
motor. It can be seen from Fig. 11. that the values of the
axial air gap length of the generator proposed in this article
before and after the deflection movement are 8,4 = 8,5 and
843 = 846. Obviously, there is no obvious change in the axial
length, which is determined by the inner and outer stator and
rotor shapes. The inner stator has a spherical outer contour
corresponding to the spherical inner contour of the rotor,
which can keep the air gap between the inner stator and the
rotor constant. Similarly, the outer stator has a spherical inner
contour corresponding to the spherical outer contour of the
rotor, which can keep the air gap between the outer stator and
the rotor constant.
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The magnetic flux of the stator teeth is shown in Fig. 12.
The magnetic flux of the rotor yoke is shown in Fig. 13.

D. ANALYSIS OF GENERATOR CORE LOSS AND
EFFICIENCY

When the generator is in the rotation state, the core loss
cannot be directly measured and needs to be obtained
indirectly. The expression of the core loss is

Pge = Py — Py — Pcy — Prw — Ps (14)

where P is input power, P; is output power, Pc, is copper
loss, Py, is mechanical loss and Py is stray loss. Py is a fixed
input power. P> output power is obtained by testing the output
current and voltage. Pc, is obtained by measuring current
and resistance. Pg is obtained by empirical formula, so the
data obtained by experiment and finite element method are
the same. According to the empirical formula, Pp, can be
expressed as:

3 2
Pjy = 6.5 <—> D3 (15)
' p

where p is the number of generator poles and D; is the
armature diameter.

The finite element software is ANSYS electronics. It can
be used to analyze loss and electromagnetism.

In is needed to conduct relevant experimental analysis on
iron loss when n = 50rpm, and the data obtained are shown
in Table 2 and 3.

Table 2 is the experimental testing result and the compari-
son of the simulation calculation data, through the prototype
test results shows that the generator’s core loss calculation
error is within the scope of the permit, core loss is verified
the correctness of the calculation and optimization scheme.
Table 3 shows the loss values.
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TABLE 2. Comparison of measured and calculated values of generator
iron loss.

area Experimental Simulation value
measurement
Internal core loss /W 76.08 73.92
External core loss /W 261.62 257.25
Total core loss /W 337.70 331.17
TABLE 3. Loss.
Outer Outer Inner Inner
FEM Experience FEM Experience
P, 1200W 1200W 300W 300W
P, 834.82W 830.004W 190.949W 188.939W
P, 60.47W 59.446W 19.731W 19.261W
Py, 11.46W 12.93W 6.4W 6.72W
P, 36W 36W IW IW

Efficieny

100

150 s -
125 100

75 40
50 55 0 20

0

speed(rpm) Torque(N-m)

FIGURE 14. Three-dimensional distribution diagram of motor efficiency.

Compared with the traditional switched reluctance
generator, the proposed generator has the ability to adjust
the deflection angle according to the wind direction. As can
be seen from Fig. 1. (d), an offset angle is created between
the rotor and the stator. This angle is called the deflection
angle. Adjusting the deflection angle with the change of wind
direction can make the proposed generator produce higher
power generation efficiency than the traditional switched
reluctance generator.

Fig. 14. is a three-dimensional distribution diagram of
motor efficiency. It can be seen from Fig. 14. that the work-
ing efficiency of the proposed generator can be maintained
above 0.8 under a wide range of application conditions. Only
proper debugging of the generator is needed, and its working
efficiency can be maintained at 0.9 or even higher.

IV. ANALYSIS OF THE CHARACTERISTICS OF ROTATING
POWER GENERATION

Suppose the prime mover is at nearly constant speed with
wind power input, the excitation voltage is constant at
15V, and the average temperature is about 20°. The volt-
age curves can be obtained by adjusting the speed of the
prime mover. Fig. 15. shows the comparison between the
experimental data and the analytical method under two dif-
ferent rotating speeds under the generator rotation state, and
introduces the concept of ““integral difference” to verify the
accuracy of the analytical theory.

“Integral difference” is a tool used to judge the deviation
of two similar curves. It can be applied to two curves whose
periods are approximately the same as the change laws and
whose amplitudes are only different. ““Integral difference”

VOLUME 8, 2020
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FIGURE 16. “Integral difference” of different rotating speeds under the
condition of generator rotation.

can be expressed in the form of formula (16):
£ = | [ |Uexp|dt — [ 1Uam|dt]
[ |Uexpl dt

where Ugxp is the voltage value measured by the experimen-
tal data, Uaps is the voltage value measured by analytical
method, T is a voltage cycle.

The large value of ““integral difference” shows that the
accuracy of analytical method is low, on the contrary, it shows
that the accuracy of analytical method is high.

The single-phase “integral difference” under different
rotating speeds is shown in Fig. 16 under the condition of
generator rotation.

It can be seen from the figure that as the prime mover speed
increases, the “integral difference” also increases.

When the speed increases from 10r/min to 200r/min, the
“integral difference” of single phase increases from 4.71%
to 9.39%, the “integral difference” of two phase increases
from 4.63% to 9.17%, the “integral difference” of three
phase increases from 4.31% to 8.99%. but The error is still
within the acceptable range. As the number of voltage phases
increases, the ““integral difference” decreases, so the predic-
tion accuracy of analytical method for multi-phase system is
higher.

The single-phase voltage waveform at different speeds is
shown in Fig. 17. With the increase of the rotating speed of the

x 100%  (16)
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FIGURE 17. Single phase voltage waveform of different rotating speeds
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FIGURE 18. Two phase voltage waveforms of different rotating speeds
under the condition of generator rotation.

prime mover, the voltage period generated in the same time
has been significantly reduced, and the generation frequency
has been significantly increased. Fig. 18. and Fig. 19. respec-
tively show the two-phase and three-phase voltage waveforms
of different rotating speeds under the condition of generator
rotation. The change trend of Fig. 18., Fig. 19. and Fig. 20.
is basically the same, and the generation frequency increases
significantly with the rotating speed. Fig. 20. shows the exper-
iment platform of rotating voltage test.

V. ANALYSIS OF THE CHARACTERISTICS OF DEFLECTION
POWER GENERATION
Fig. 21. decomposes the wind direction along the axial and
radial direction into two components, among which the radial
component can drive the motor to rotate. so it is desirable to
obtain a sufficiently large radial component.

When the wind energy acts on the generator bearing, most
of the energy is converted into mechanical energy to push
the bearing, and some of the energy is converted into heat
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FIGURE 19. Three phase voltage waveforms of different rotating speeds
under the condition of generator rotation.

FIGURE 20. The experiment of rotating voltage.

form which cannot be used by the generator. The conversion
efficiency model can be equivalent to equation (17):

We =mW, 17

where W is the generator energy. W,, is the wind energy. 11
is conversion efficiency.

When considering wind direction, formula (17) is
expressed as:

mWycosy = Wg (18)

It can be further expressed as:
Wi = mW, 19)

where 1, = 1y cosy.

Because the wind direction cannot be completely con-
verted into radial component, the wind energy is weakened
in two parts, and the actual conversion rate is extremely low,
so the power generation effect is greatly limited.

Since the conversion process of wind energy to mechanical
energy needs to go through two energy weakening parts,
the first part is analyzed to caused by the wind direction
is not completely radial, and the second part is a part of
thermal energy converted when the wind and the generator
bearing rub. The energy loss of the second part cannot be
avoided, but the energy loss of the first part can weaken the y
angle through the deflection movement, which can play the
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FIGURE 21. Effective component of wind direction.
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FIGURE 22. Voltage characteristics of different deflection angles when
“wind direction” is offset by 15 °.
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FIGURE 23. Single phase voltage characteristics under different rotating
speed and deflection angle.

role of converting the non radial component into the radial
component.

After the experimental verification, it is found that there are
similar experimental rules for the simulation of other different
deflection angles. Here, taking Fig. 22. as an example, it is
enough to explain that there is no need to elaborate on other.
After the experimental verification, it is found that there are
similar experimental laws for other simulation under different
deflection angles. Here, take Fig. 22 as an example to illus-
trate the law of change.

Fig. 23. shows the generation voltage characteristics under
different rotating speeds and deflection angles, which are

VOLUME 8, 2020

6.5¢
—4-A phase 5°
-v-A phase 10°
6 —-A phase 15°
55"
s
hvd
5
4.5,
4\ | |
10 20 30 40 50

n(rpm)

FIGURE 24. “Integral difference” of different deflection degree under the
condition of generator.
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FIGURE 25. Two phase voltage waveforms of different rotating speeds
under the condition of generator deflection.
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FIGURE 26. Three phase voltage waveforms of different rotating speeds
under the condition of generator deflection.

basically consistent with the basic change rule of the rotating
generation characteristics, but the amplitude is increased,
which can better meet the generation demand under different
wind directions. The generator can adjust the deflection angle
with the change of wind direction, and the voltage will not
increase or decrease significantly with the change of wind
direction.

Fig. 24 shows the ‘integral difference” under three
different deflection angles when the single-phase speed
n = 10r/min. the change trend is similar to that before, and
the change is not significant.

Fig. 25. and Fig. 26. show the two-phase and three-phase
voltage waveforms of the generator at different rotating
speeds and deflection angles, respectively.

Fig. 22. simulates the wind direction with a 15° deviation.
The prime mover uses the equivalent torque to test the single-
phase voltage of the generator under several different deflec-
tion angles. The test results show that the corresponding
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FIGURE 27. The experiment of deflection voltage.

FIGURE 29. Efficiency comparison of two kinds of generators.

deflection angle can effectively improve the voltage
efficiency.

Fig. 27. shows the generator experimental setup. By com-
paring the analytical results with the experimental data, it is
found that the maximum five errors are less than 10%.
Through comparison, it is found that the analytical method
can be used to calculate the voltage waveform quantitatively.
As shown in Fig. 27., the prime motor is responsible for
simulating wind energy transfer. The generator itself cannot
realize the deflection movement, and other auxiliary devices
need to be added to help achieve the deflection effect.

The purpose of setting up an experimental platform is
to hope to simulate wind energy conversion and verify the
principle of this generator. The prototype generator is used
to verify the principle. The wind energy simulation of the
generator is performed through the prime motor. In practical
applications, any auxiliary equipment to help the genera-
tor complete the deflection movement can also be adopted.
At the same time, in order to facilitate readers’ understanding,
the photos at the bearing (as shown in Fig. 28.) are added to
more intuitively reflect the structure.

Fig. 29. shows the efficiency comparison of the two types
of generators. The deflection type double stator switched
reluctance generator has higher efficiency in different wind
directions. It can be seen that the deflectable dual-stator
switched reluctance generator has a very stable efficiency
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overall, which is not achieved by traditional generators, and
is also the main advantage of this generator.

We obtain the voltage characteristic curve of the generator
through an oscilloscope and record the data at the same time.
Then adjust the prime mover to deflect the DDSRG to a
certain angle, then use the oscilloscope to retest and record
the voltage value of the DDSRG.

VI. CONCLUSION

In this article, a deflection type switched reluctance generator
with two stators is proposed, and the model of the generator
is introduced. At the same time, the modeling of the voltage
characteristics of the generator electrode is analyzed. The
accuracy of the research is illustrated by comparing the exper-
imental data with the analytical data. In this work, “‘integral
difference” can be used to measure the deviation degree of
two curves with the same change rule but larger or smaller
amplitude, and can also be used to quantitatively describe
the deviation degree. The smaller the “integral difference”,
the higher the fit of the two curves, and it also shows that the
theory is closer to the experiment. At the same time, it has
been verified that this generator does have the characteristics
of high-efficiency power generation. By comparing the ana-
lytical method with the experimental data, it can be concluded
that the analytical method has a better prediction accuracy for
voltage characteristics. At the same time, the research shows
that the generator with deflection structure can better adapt
to different wind directions, and has better power generation
characteristics compared with the generator with traditional
structure. Through actual measurement, It can be verified
through experiments that the efficiency of the generator is
increased by 5~8% every time the wind direction and turbine
offset angle are reduced by 5°.
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