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Abstract: The deterioration of environment, the aggravation of energy crisis and the exhaustion of non renewable energy promote the development of green new energy. 
Among them, wind power generation has become a research hotspot in the field of new energy at home and abroad. In this paper, the deflection double stator switched 
reluctance generator (DDSSRG) is taken as the research object, the basic modelling and analysis of DDSSRG are carried out, and the magnetic field of the generator is 
analyzed by using the finite element software. The structure of the generator is optimized by using the central composite design method (CCD). Finally, the experimental 
platform of the generator is built to verify the feasibility of the theory in structure. 
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1 INTRODUCTION 
 

In the field of wind power generation, switched 
reluctance generator (SRG) has a strong competitive 
relationship with the traditional motor which can meet the 
demand of small and medium-sized power. With the 
development of switched reluctance motor, more and more 
topologies are studied. In reference [1], the C-core is used 
as the stator core, and the annular excitation auxiliary coil 
is clamped in the stator core to optimize the problem of 
large inductance limiting output power. However, due to 
the length of the air gap, there is a big difference between 
the measured maximum inductance and the calculated 
maximum inductance. In reference [2], the design, 
optimization and analysis of axial magnetic switched 
reluctance generator are carried out. Based on the radial 
magnetic field, the electromagnetic performance is studied. 
However, the calculation process of motor size is not 
described in detail. The size of the generator is obtained by 
combining with the magnetic finite element method in 
reference [3]. The tubular linear switched reluctance 
generator proposed in reference [4] can effectively 
improve the current carrying capacity and fault tolerance 
capability as wave energy conversion. However, how to 
improve the dynamic response and capture ability of wave 
energy conversion needs further study. The proposed SRG 
is analyzed by 3D finite element method, but the control 
strategy based on SRG is not discussed. In reference [5], 
the SRG model is established by using the flux linkage and 
torque data obtained by the finite element analysis method. 
According to the maximum power corresponding to the 
given wind turbine speed, the optimal turn on angle and 
turn off angle is calculated to maximize the efficiency. 

With the continuous research of switched reluctance 
motor, reference [6-11] mentioned the optimization methods 
of switched reluctance motor, but these methods have their 
own limitations. The motor with double stator structure has 
the advantages of high precision, fast response, small torque 
ripple and high overload capacity, and its output 
characteristics are better than that of single stator structure 
motor [12-15], and it is widely used in the field of wind 
power generation [16-19]. However, due to the complex 
structure of double stator, compared with single stator SRM, 
the manufacturing process is complex, which will produce 

more iron loss and increase the loss [20], which needs further 
research and optimization. 

In this paper, DDSSRG is proposed and its 
electromagnetic characteristics are studied. Compared with 
the traditional generator, it can work in worse conditions, 
and it can also run stably at high speed. Compared with the 
reluctance generator, it has higher operation efficiency. 
 
2 WORKING PRINCIPLE OF GENERATOR 
2.1 Generator Structure  
 

The unique feature of DDSSRG is that it adopts double 
stator structure and increases deflection function. When the 
wind direction changes, it can still maintain high power 
generation efficiency. Fig. 1 shows the structure of the 
DDSSRG. The rotor is clamped in two stators. The angle 
between the center line of the outboard rotor and the center 
line of the inside rotor is 22.5°. 

 

Outer stator

Coil

Rotor

Inner stator

 
Figure 1 DDSSRG structure diagram 

 
As can be seen from Fig. 1, the stator consists of two 

stators. In addition, the center lines of the two stator tooth 
poles are on the same straight line. The number of teeth poles 
of both is 12, C three-phase, inner stator winding is divided 
into D, E, F three-phase. The direction of current between 
two adjacent windings is opposite and the polarity is 
different. In the axial direction of the rotor, a good 
performance magnetic separator is set in the middle of the 
rotor yoke, which divides the rotor into two parts: the inner 
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part of the rotor and the outer part of the rotor, so as to 
prevent the mutual interference of the magnetic circuits on 
both sides. The tooth poles on both sides are staggered and 
the number of tooth poles is 8. The spherical structure of the 
stator and rotor of the generator can deflect in a certain space. 
The parameters of DDSSRG are in Tab. 1. 

 
Table 1 Structural parameters of DDSSRG 

Parameter Value 
Stator outer diameter /mm 320 
Stator inner diameter /mm 44 
Rotor inner diameter /mm 122 
Rotor outer diameter /mm 253 

Internal and external air gap /mm 0.5 
Outer stator yoke height /mm 17.7 

Yoke height of inner stator /mm 15.6 
Rotor yoke height /mm 31.6 

Core length /mm 73.8 

 
2.2 DDSSRG Control Strategy  
 

DDSSRG adopts the separate excitation mode to 
prevent the excitation voltage from being disturbed by the 
output voltage. Assuming that the prime mover drives the 
rotor to rotate at a certain speed, the on-off state of the power 
switch tube is judged by the output signal of the rotor 
position sensor, which ensures the continuous conversion of 
the excitation phase of the generator. 

As shown in Fig. 2, the main power circuit of the 
generator is shown, in which Us is the external DC voltage 
source, S1~S6 are six on-off switches, and the conduction 
sequence is controlled by the trigger pulse of the driving 
circuit. When the switch is closed, the diodes 
VD1,VD2,VD5,VD6,VD9 and VD10 ensure that the power 
supply in the excitation phase is supplied to the winding; 
when the switch is off, the diodes VD3,VD4,VD7,VD8,VD11 
and VD12 provide free flow channel for the current in the 
winding. The pulse period of three-phase winding power 
switch device is 45° but the trigger pulse of each phase of 
inner stator lags 7.5° behind that of corresponding outer 
stator, so that when the center line of outer stator tooth pole 
coincides with that of rotor outer tooth pole, the center line 
of inner stator tooth pole coincides with that of inner rotor 
groove. 

 

 
Figure 2 DDSSRG control circuit 

 
In order to prevent the excitation voltage from being 

disturbed by the output voltage, it is assumed that the prime 
mover drives the rotor to rotate at a certain speed, and the 
on-off state of the power switch tube is judged by the 

output signal of the rotor position sensor, so as to ensure 
the continuous conversion of the excitation stage of the 
generator to the generation stage. Assuming that the prime 
mover drives the generator to rotate, the rotor speed is                  
200 r/min, the excitation voltage of the inner stator winding 
is 100 V, and the excitation voltage of the outer stator 
winding is 380 V. In this case, the transient simulation 
analysis of the generator is carried out and the following 
output characteristics are obtained. 

 

 
Figure 3 One phase current of stator winding 

 

 
Figure 4 Output voltage of stator 

 
As shown in Fig. 3, the current waveforms of phase A 

and phase D of the generator are similar triangular waves, 
but the amplitude difference is large. It is thus clear that the 
phase current amplitude of inner stator D-phase winding is 
about 12 A, and that of outer stator A-phase winding can 
reach 28 A, which is determined by the motor structure and 
different excitation voltage. In addition, the d-phase 
current is 6.25 ms later than the A-phase current in time. 
Fig. 4 shows the output voltage waveform of the generator. 
The internal output voltage fluctuates around 0.6 kV, and 
the outgoing output voltage can reach about 1.5 kV. 
 
3 SIMULATION ANALYSIS OF DDSSRG 
 

The electromagnetic analysis and calculation software 
are used to simulate it [21-22]. In order to further analyze 
the magnetic field performance of the generator, the 
electromagnetic simulation of the motor is carried out, and 
the two-dimensional magnetic field distribution diagram 
and magnetic flux density vector distribution diagram of 
the generator are obtained and analyzed. 

In order to further study the operation characteristics 
of DDSSRG, it is necessary to analyze its magnetic field 
characteristics, such as the output voltage, current, working 
efficiency, torque ripple and other important performance 
indicators are bound up the magnetic field characteristics. 
Therefore, it is very important to analyze the magnetic field 
of DDSSRG. 
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3.1 Analysis of DDSSRG Magnetic Field  
 

Fig. 5 shows the distribution of magnetic field lines in 
DDSSRG. As shown in the Fig. 5, the position of the rotor 
corresponds to the moment when θ = 10°, the winding 
phase A on the outer stator is in the opening moment, phase 
C is on, and phase B is in the cut-off state. At the same time, 
phase F of the upper winding of the inner stator is in the on 
state. 
 

 
Figure 5 Distribution diagram of DDSSRG magnetic lines 

 
There are alignment position, middle position and 

misalignment position in different positions of the rotor. 
Fig. 6 shows the distribution of magnetic force lines in 
three rotor positions. During the change of rotor position 
from non aligned position to aligned position, the main 
magnetic flux of the core increases gradually, and the air 
gap magnetoresistance decreases gradually. 
 

 
(a) Misalignment position 

 
(b) Middle position 

 
(c) Alignment position 

Figure 6 Magnetic lines of force 
 

As shown in Fig. 7, the magnetic density vector 
distribution diagram of the outer stator core of DDSSRG is 
shown, where AN1,AN2,AS1 and AS2 represent the two N poles 
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and two S poles of the tooth poles of the A-phase winding 
coil on the outer stator respectively. It can be seen that the 
magnetic vector starts from the AN1 and AN2 tooth poles, 
reaches the AS1 and AS2 tooth poles through the rotor, and 
then returns along the yoke of the outer stator core, forming 
four magnetic density directions with equal sizes. In a 
small area, the magnetic density is about 1.5 T.  

 

 
Figure 7 Flux density vector distribution of outer stator core 

 

 
(a) Integral diagram of magnetic density vector distribution of inner stator core 

 
(b) Top view of inner stator core flux density vector 

 
(c) Left view of flux density vector of inner stator core 

Figure 8 Vector distribution of stator core flux density in DDSSRG 

Fig. 8 shows the distribution of magnetic density 
vector of inner stator core, Fig. 8a DN3, DN4, DS3 and DS4 
respectively represent the two N poles and two S poles of 
the tooth pole where the D-phase winding coil is located on 
the inner stator. The magnetic vector diverges from the DN3 
and DN4 tooth poles, converges to the DS3 and DS4 tooth 
poles through the rotor, and then returns to the DN3 and DN4 
tooth poles along the yoke of the inner stator core, forming 
four small regions with the magnetic density of about        
0.5 T. Fig. 8b and Fig. 8c are the top view and left view of 
the inner stator core magnetic density vector, respectively. 

 

 
Figure 9 Distribution of magnetic flux density vector in the outer core of rotor 

 
In Fig. 9 , the magnetic density vector distribution 

diagram of the outer core of the generator rotor is shown. 
The magnetic density at N1 and N2 corresponds to the 
magnetic density at AN1 and AN2 in Fig. 7, and the magnetic 
density at S1 and S2 corresponds to the magnetic density at 
AS1 and AS2 respectively. The magnetic density vector 
diverges from N1 and N2 poles to both sides, converges at 
S1 and S2, and then returns to N1 and N2 poles through the 
outer stator to form a closed magnetic circuit. 

Fig. 10 shows the magnetic density vector distribution 
of the inner core of the rotor. The magnetic density at N3 
and N4 in Fig. 11a corresponds to the magnetic density at 
DN3 and DN4 in Fig. 8a, and the magnetic density at S3 and 
S4 corresponds to the magnetic density at DS3 and DS4 
respectively. Similarly, the flux density vector diverges 
from the N3 and N4 poles along the yoke, reaches S3 and S4, 
and then returns through the inner stator. Fig. 11b shows 
the top view of the flux density vector of the inner core of 
the rotor, and Fig. 11c shows the front view of the flux 
density vector of the inner core of the rotor. 

 

 
(a) Magnetic density vector distribution of inner core of rotor 
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(b) Top view of flux density vector of inner core of rotor 

 
(c) Front view of flux density vector of inner core of rotor 

Figure 10 Vector distribution of magnetic density of generator rotor core 
 

Six points in the core are selected as the research object 
to observe the change of the internal magnetic field of the 
generator core. The six selected points are shown in           
Fig. 11. The three points Ts1, Ts2 and Ts3 in the figure 
represent the tooth tip, middle tooth and tooth root in the 
inner stator core, and the three points Tr1, Tr2 and Tr3 
respectively represent the tooth tip, middle tooth and tooth 
root of the inner core of the rotor. 

 

  
Figure 11 Node distribution of unit in DDSSRG core 

 
In this paper, the transient simulation of the circuit 

magnetic field coupling is carried out for DDSSRG model, 
and the magnetic density of six points in Fig. 11 is 
simulated. It is stipulated that the generator rotation is 
counter clockwise, and the positive direction of the stator 
and rotor tooth pole flux is from the inner diameter to the 
outer diameter. The positive direction of the flux at the 
yoke of stator and rotor is counter clockwise. The rotor 
rotates 180° to obtain the waveform of magnetic density of 
each unit node with the rotor position. 

 

 
(a) The radial magnetic density at the points Ts1, Ts2 and Ts3 of the inner stator 

 
(b) Radial magnetic density at three points Tr1, Tr2 and Tr3 inside the rotor 

Figure 12 Radial magnetic density waveform 
 

The radial magnetic density waveforms of stator inner 
teeth and rotor inner teeth are shown in Fig. 12. The 
amplitudes of three radial magnetic flux density 
components (Br) at Ts1, Ts2 and Ts3 of inner stator teeth are 
around 0.52 t, and the magnetic density waveform 
pulsation at Ts3 point is relatively large; the amplitude of 
three-point radial magnetic density br at the inner teeth of 
rotor is also around 0.52 t, which is consistent with the 
radial magnetic density component br of inner stator tooth. 
 
4 STRUCTURAL OPTIMIZATION 
 

Taguchi method [23-25] is an optimization method 
developed by Dr. Taguchi. At first, it is to improve the 
product quality, make the product quality stable, and 
minimize the impact on various interference. Later, 
Taguchi method optimization is gradually applied to all 
walks of life. As a local optimization method, Taguchi 
method can optimize the performance parameters of 
multiple motors at the same time. By using the designed 
orthogonal simulation experiment, a large number of 
experiments can be saved and the optimal parameter 
combination can be found as soon as possible. In this paper, 
Taguchi method is used to optimize DDSSRG. 

 

 
Figure 13 Schematic diagram of DDSSRG optimization parameters 
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In this paper, the internal stator parameters are 
optimized. The generator core loss is taken as the 
optimization objective. The inner stator core length L1, 
stator pole width B1, stator yoke height H1 and internal air 
gap G1 are selected as the analysis objects. The schematic 
diagram of optimization parameters is shown in Fig. 13. 

The values of different optimization factors and levels 
are shown in Tab. 2. 

 
Table 2 Different optimization factors and different level values 

Horizontal 
factor 

L1 B1 H1 G1 

1 74.5 11.4 10.3 0.2 
2 75.5 13.7 12.8 0.3 
3 76.5 16.0 15.3 0.4 

 
The orthogonal table can be generally expressed as 

Ln(AK), where n is the number of experiments; A is the 
number of horizontal values; and K is the number of 
optimization factors [26]. If a comprehensive experiment 
is to be carried out, a total of 34 = 81 experiments are 
needed, which not only needs a lot of experimental time, 
but also has great requirements for the performance of 
computer hardware. By using Taguchi method, the 
simulation time can be saved by 80%. 

The results of orthogonal experiment are shown in 
Tab. 3. 

 
Table 3 L9 ( 34) orthogonal table 

Number of 
Experiments 

G1 / mm B1 / mm H1 / mm L1 / mm Pfe / W 

1 1 1 1 1 10.68 
2 1 2 2 2 14.10 
3 1 3 3 3 15.51 
4 2 1 3 3 9.04 
5 2 2 2 1 20.54 
6 2 3 1 2 29.71 
7 3 1 3 2 13.31 
8 3 2 1 3 21.47 
9 3 3 2 1 26.21 

 
The variance value is used to represent the dispersion 

degree of the optimization target results of the motor under 
different optimization parameters and different levels. The 
proportion of the variance under a certain optimization 
parameter to the sum of the variance of all the optimization 
parameters can indicate the effect of the optimization 
parameter on the performance of the motor optimization 
target. The variance of the core length L1 of the inner stator 
is as follows: 

 

   
3 2

fe fe1 1
1

3L L i
i

S m P m P


                (1) 

 
where  fe1L im P is the average value of core loss of inner 

stator core length L1 under the i-th horizontal variable and 

 fem P is the average value of core loss in 9 experiments. 

The inner stator is very wide B1, the yoke height is H1, 
and the internal air gap is G1. The calculation method of 
variance is the same. 

The effects of various parameters on the experimental 
results are shown in Tab. 4. 

It can be seen from Tab. 4 that under the current 
simulation level, the influence rate of inner stator pole 

width on core loss is the largest, and the influence of inner 
stator core length on motor performance is small. In order 
to simplify the optimization process, the parameters of 
inner stator width B1, inner stator yoke height H1 and 
internal air gap G1 are selected to optimize. 
 

Table 4 The influence of each parameter on the experimental results 
Optimization parameters Value Impact rate / % 

G1 / mm 88.08 18.05 
B1 / mm 248.98 51.02 
H1 / mm 122.72 25.15 
L1 / mm 28.18 5.78 
Total 487.96 100 

 
The central composite design (CCD) method was used 

to fit the response surface. In this paper, CCD is used to 
design the test points: cube point (±1, ±1, ±1), center point 
(0, 0, 0) and axial point (±α, 0, 0), (0, ±α, 0), (0, 0, ±α). 
Taking three experimental factors for optimization, the 
value of α is 1.682, and a total of 19 experimental data 
points are investigated. 

According to the CCD model theory, the level table of 
each factor variable is selected as shown in Tab. 5, and the 
experimental combination arrangement and experimental 
results are shown in Tab. 6. 

 
Table 5 Experimental factor level table 

level B1 / mm G1 / mm H1 / mm 
‒α 11.87 0.23 11.61 
‒1 12.90 0.30 12.50 
0 14.40 0.40 13.80 
1 15.90 0.50 15.10 
α 16.92 0.57 15.98 
 

Table 6 CCD experiment arrangement and finite element simulation results 
 B1 / mm G1 / mm H1 / mm Pfe 

1 ‒1 ‒1 ‒1 15.48 
2 1 ‒1 ‒1 26.47 
3 ‒1 ‒1 1 9.18 
4 1 ‒1 1 25.17 
5 ‒1 1 ‒1 12.85 
6 1 1 ‒1 19.26 
7 ‒1 1 1 7.51 
8 1 1 1 20.57 
9 ‒1.682 0 0 6.89 
10 1.682 0 0 28.63 
11 0 0 ‒1.682 22.21 
12 0 0 1.682 15.64 
13 0 ‒1.682 0 19.04 
14 0 1.682 0 11.08 
15 0 0 0 21.48 
16 0 0 0 22.08 
17 0 0 0 21.12 
18 0 0 0 21.62 
19 0 0 0 21.07 

 
The simulation results were calculated by Design-

Expert, and the experimental results are fitted by 
multivariate two-dimensional model, and the model is 
modified after eliminating the insignificant variables 
 

1 2 3 1 2

2 2 2
1 3 2 3 1 2 3

21 47 6 08 1 66 2 16 1 46

0 94 0 45 1 30 0 89 2 25

Y . . X . X . X . X X

. X X . X X . X . X . X

     

    
   (2) 

 
where Y is core loss of inner stator, X1 is the inner 
determiner is very wide B1, X2 is Inner yoke height H1 and 
X3 is internal air gap G1. 
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In order to evaluate the fitting degree of the models, 
variance analysis was used to evaluate the three fitting 
models, and the significance of each model was determined 
by p-value. It can be seen from Tab. 4 that the p-value of 
the fitting model for core loss Pfe is less than 0.05, 
indicating that the model fitting result is good and has 
statistical significance. The p-value of the pseudo loss 
value of the model is greater than 0.05, explaining that the 
error of the fitting result is small and the error is not 
significant. The correction coefficient of regression 
equation can evaluate the model under the influence of the 
number of independent variables, and determine whether 
the connection between experimental factors and response 
is significant. The results of Design-Expert statistical 
analysis show that the correction coefficient of core loss is 
0.9949, which is greater than 0.9. The relationship between 
experimental factors and response is significant. The 
model fully represents the relationship between 
experimental factors and response. 

According to the above analysis, the three-dimensional 
response curves between the core loss of the stator and the 
structural parameter variables are drawn, as shown in                   
Fig. 14. 
 

 
(a) Response surface of iron loss of internal determiner varying with H1, B1 

 
(b) Response surface of iron loss of internal determiner varying with B1, G1 

 
(c) Response surface of iron loss of internal determiner varying with G1, H1 
Figure 14 Relationship between response value and parameter variables 

The horizontal axis in Fig. 14 shows the coding value 
of the parameter variable. It can be seen from Fig. 14a and 
Fig. 14b that the change trend of Pfe response surface of 
inner stator iron loss with the inner stator very wide B1 is 
the most obvious, Pfe increases with the increase of B1, and 
the interaction between internal air gap G1 and B1 is not 
significant. Fig. 14c shows that Pfe decreases with the 
increase of inner stator yoke height H1 and G1, and the 
variation range is relatively small. 

The inner stator core loss response surface model of 
the generator is further optimized by Design-Expert 
software. The optimized structure dimensions are as 
follows: the inner stator pole width B1 is 13.9 mm, the inner 
stator yoke height H1 is 14.6 mm, and the internal air gap 
G1 is 0.43 mm. 
 
5 EXPERIMENTAL VERIFICATION 
 

As shown in Fig. 15, an experimental platform of 
DDSSRG system is built. The experimental platform 
includes wind turbine simulation and power generation 
system. In the wind turbine simulation part, a servo motor 
is used to drive the generator to rotate, and the wind 
turbines with different speeds are simulated to provide 
mechanical energy for the generator. When the wind 
direction changes, the power generation efficiency of the 
generator is maintained under the joint action of deflection 
turntable and deflection measuring device. During the 
operation of the generator, the external excitation voltage 
source Us always exists, so as to ensure the stability of the 
generator excitation voltage. Under this excitation mode, 
the power generation circuit and the excitation circuit do 
not interfere with each other and are independent of each 
other. The excitation voltage does not change with the 
fluctuation of the output voltage, but can also be adjusted 
according to the demand, Self adjust excitation voltage or 
output voltage. The excitation voltages of the internal 
generator and the external generator in the power 
generation system are 15 V and 36 V respectively, so as to 
ensure the stability of the generator output performance. 
STM32F103C8T6 is selected as the main control chip, and 
the deflection type double stator SRG is responsible for 
converting mechanical energy into electrical energy output 
under the driving of prime mover.  
 

 
Figure 15 Generator test platform 

 
The output voltage of the generator is tested, and the 

output voltage waveform of DDSSRG as shown in Fig. 16 
is obtained. 
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Outer stator

Inner stator

(a) Output voltage of inner and outer stator of generator 

rotation

Deflection 10°

(b) Output voltage of generator under rotation and deflection 
Figure 16 Output voltage waveform of DDSSRG 

 
Fig. 16a is the waveform diagram of output voltage of 

internal generator and external generator at the speed of 
100 r/min. It can be seen that the amplitude of output 
voltage of internal stator fluctuates up and down 32 V, and 
the amplitude of output voltage of outer stator fluctuates 
around 80 V. As shown in Fig. 16b, when the rotation 
speed is 200 r/min the output voltage amplitude of external 
generator in rotation state fluctuates at 96 V, and the output 
voltage amplitude fluctuates between 85 V at 10° 
deflection. It can be seen from the figure that when the 
generator deflects, the amplitude of output voltage 
decreases slightly and the ripple of waveform increases 
slightly, but the overall output waveform changes little. 
From the experimental results, it can be concluded that the 
generator can still maintain good output characteristics in 
the deflection state. 
 
6 CONCLUSION 
 

To better meet the requirements of wind power 
generation, DDSSRG is proposed in this paper, and the 
magnetic field of the generator is analyzed. In order to 
improve the working efficiency of DDSSRG, the stator 
core loss is selected as the optimization objective, and the 
response surface method is applied to optimize its structure, 
and the optimal structural parameters are obtained through 
analysis.  

Finally, the experimental platform is built. The wind 
speed simulation is realized by driving the generator with 
prime mover. The output voltage of inner stator, outer 
stator, rotation and deflection state of generator is 
measured by selecting separate excitation mode. Through 
the analysis of experimental results, the correctness and 
practicability of the generator structure are further verified. 
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