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Abstract

In order to improve the utilization of wind energy, a new type of deflectable double-stator switched reluctance
wind power generator is proposed for the single of the rotor rotation of the existing Switched Reluctance Generator.
The generator adopts inner and outer double-stator structure, the rotor shaft and the inner stator connecting shaft
are connected with the relevant section bearing, which can realize the rotor deflection in a certain range, adapt
to different wind directions and is suitable for various wind power generation occasions, and can improve the
working efficiency of the generator. Through the simulation calculation of the coupling of the electromagnetic
field, temperature field and stress field, and the comparison of unidirectional and bidirectional coupling of
electromagnetic field and temperature field, the temperature rise of the designed structure, the stress due to
thermal expansion and the corresponding vibration displacement are obtained. In addition, through the
comparative analysis of experimental measurements and simulation data, the temperature difference is little,
which verifies the correctness of the simulation. It provides a reference for studying the multi-physical field
coupling calculation of generators, optimizing the structure of such generators and improving the stability of their
operation.
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1. Introduction
Switched Reluctance Wind Turbine has the
advantages of simple and compact structure, low
starting wind speed and stable output power.
Therefore, it has broad application prospects and high
research value in the field of wind power generation.
The generator with double-stator structure has fast
response, high precision positioning and strong overload
ability, and its working efficiency can be greatly
improved when the generator body structure and
external wind speed are fixed.
Literature [1] gives a brief introduction to the
structure types of double-stator motors, research status
and the development trends at home and abroad.
Literature [2] presents a new type of double-stator
low-speed rare earth permanent magnet synchronous
generator. It is concluded that the output
characteristics of the double-stator structure generator
are better than that of the single-stator structure.
Literature [3] presents a three-degree-of-freedom
motor driven by permanent magnet, which improves the
torque characteristics of the motor.
At the same time, according to the previous
deflectable multi-degree-of-freedom motor [4-6], it has
the advantages of high efficiency and high flexibility.

Based on the research contents of the above
literature, a deflectable double-stator SRG is proposed
in this paper. In addition to the rotor and double-stator
design with cogging structure on both sides of the rotor,
the special structure of one side of the rotor is used to
adjust the steering of the generator to adapt to
different wind directions and improve the utilization of
wind energy. Its main feature is the use of a rotor with
a cogging structure on both sides and the design of
double-stator, the special structure on one side of the
rotor is used to adjust the direction of the generator in
order to adapt to different wind directions and improve
the utilization rate of wind energy.
With the development of motor manufacturing
level, the theory and research of motor temperature
rise have been progressing.
Before the 1970s, simplified formulas were the main
method for calculating the heat of motors. The
calculation accuracy is poor and only the average
temperature rise of the motor can be calculated, which
cannot meet the needs of the design work.
At the same time, the thermal model of motor was
established by equivalent thermal circuit method in the
early stage, which can be traced back to 1920.
In 1955, a small number of scholars used equivalent
thermal circuit method to study the temperature rise of
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motor. This method is more accurate than the simplified
formula method and can obtain the overall temperature
rise distribution and average temperature rise of the
motor.
Referring to the traditional thermal circuit diagram
model of the SRM, a three-dimensional equivalent
thermal network model is established in reference [78], which provides a basis for the temperature rise
calculation of the SRM, but if want to improve the
accuracy of calculation, it is needed to increase the
number of network nodes and thermal resistance, which
will greatly increase the workload, and will lose the
characteristics of small calculation workload.
In recent years, the application of finite element
method in thermal analysis has become more and more
mature. It transfers the research object from the whole
to the local element, and solves the heat conduction
equation [9-11] by using modern numerical method, so
that every local element in the whole calculation area
can obtain reliable calculation data, which can guide
the design of motor more accurately and reasonably.
In this paper, the FEM is used to study the thermal,
electrical and structural multiple physical field vibration
of the SRG.
The COMSOL finite element platform is used to
simulate and analyse the temperature rise of the
generator, the stress of the double-stator under thermal
expansion and the vibration displacement caused by
thermal expansion. variable
The result provides a theoretical reference for
further optimization of the generator.
2. Materials and Methods
2.1 Overall structure and modelling parameters of
the generator
The deflectable double-stator switched reluctance
generator body structure was composed of inner and
outer double-stator, a rotor, and a concentrated
winding wound on the inner and outer double-stator
teeth poles.
The inner side of the outer stator core was concave
spherical, while the outer side of the inner stator core
was convex spherical.
The rotor was located between the inner and outer
stators, with concave spherical and convex spherical
outlines respectively, and the inner and outer surfaces
of the rotor core were equipped with eight rotor teeth
poles.
That was, a three-phase generator with 12 / 8 / 8 /
12 poles.
The internal structure is shown in Figure 1.
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Figure 1.Internal structure of the generator

The main structural parameters of the deflectable
double-stator SRG were shown in Table 1.
Table 1.Main structural parameters of a double-stator
SRG
Ds1=167mm

Outer diameter of the outer stator

Ds2=37mm

Inner diameter of inner stator

Dr1=116mm

Outer diameter of Rotor

Dr2=87mm
G=0.5 mm

Inner diameter of Rotor
Inner and Outer air gaps

Hcs1=9

Height of Outer statoryoke

Hcs2=20

Height of Inner statoryoke

Ns=12

Number of Stator teeth

Nr=8

Number of Rotor teeth

Hcr=100mm

Height of Rotor yoke

La=90mm

Iron core length

The arrow showed the position indicated by the fixed
constraint. The outer diameter surface of the outer
stator was fixed on both sides of the outer shell of the
generator, and the inner diameter surface of the inner
stator was fixed on the base of the generator housing
through the connecting shaft base of the inner stator.
2.2 Working principle of the generator
According to the structure of generator, it can be
approximately regarded as consisting of internal and
external generators. That was an outer stator and an
inner rotor forming an inner rotor SRG, the inner stator
and the outer rotor composing an outer rotor SRG.
As the structure of the generator was an internal and
external double-stator, two sets of external control
circuits were used to connect the inner stator windings
(D, E, F) and the outer stator windings (A, B, C).
The generator rotor was driven by the prime mover
to rotate and control the motor to realize the conversion
of excitation and generator freewheeling.
The counter-clockwise direction was defined as the
positive direction of motor rotation. When the rotor
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position was in the range of (17.5°-27.5°), the inner
stator D-phase winding was turned on when the rotor
position is was the (25°-35°) interval, the outer stator B
phase winding was connected. In this paper, the rotor
position angle WS 38°.
At that time, the rotor was in the middle position
relative to the outer stator, that was, the rotor tooth
pole and the outer stator tooth pole partially overlap.
The D-phase winding of the inner stator and the
outer-phase
stator
B-phase
winding
were
simultaneously.
In the power generation state, the generation
current of the B-phase winding was 25 A, and the power
generation current of the D-phase winding was 13 A.
Figure 1 (supra) showed the structure diagram of the
generator when the rotor rotated 38 degrees
anticlockwise. Because it was a 12/8/8/12 pole threephase generator, and there were four generator
windings D and B on the inner and outer double-stator,
which were π / 2 apart from each other.
2.3 Theoretical analysis of magnetic field, heat
source and heat transfer of the generator
After generator B and D phase windings generated
electricity, electromagnetic field was established in the
air gap between stator and rotor salient pole.
The loss obtained by magnetic field analysis was the
heat source of thermal analysis. The loss obtained by
magnetic field analysis was the heat source of thermal
analysis.
According to the mechanism of heat transfer, there
were three basic ways of heat transfer. Heat
conduction, convection and radiation. When SRG was
analysed, the copper and iron losses inside the motor
were accurately obtained, and then coupled to the
temperature field of the generator as an internal heat
source. Only heat conduction and heat convection were
considered to transfer heat to the generator body.
Based on the theory of heat transfer, the distribution of
temperature field inside the generator was obtained by
magnetic-thermal-coupled simulation.
2.3.1 Magnetic field analysis
When the four windings of the B phase of the
generator generated electricity, the power supply
exertd excitation voltage to the windings, and the phase
current gradually increased and formed a magnetic
field.
The magnetic field equation of the motor winding
was as follows:









B

H = J
E = −

B
t

A
+   (    A ) = J
t
= A

where:
J was the source current density;
B was magnetic induction intensity;
E was the intensity of electric field;
H was the intensity of magnetic field;

(1)

A was vector magnetic potential;
σ was the conductivity.

2.4 Heat source analysis
Heat transfer loss analysis was not only the basis of
temperature field analysis in the motor, but also the key
to improve the efficiency of the generator.
It can be concluded that accurate calculation of
motor losses was of great significance for improving
motor performance, protecting motor and optimizing
design.
Motor losses can be divided into stator core losses,
additional losses, mechanical losses, copper losses and
stray losses caused by current in windings. Because the
calculation of mechanical loss and additional loss was
more complex, and the proportion of total loss is small,
this paper mainly studied iron loss and copper loss.
Among them, iron loss included hysteresis loss, eddy
current loss and additional loss.
The calculation formula was as follows [12-15].

PFe = Ph + Pe + Pr = Ch fBm2 + Ce f 2 Bmn

(2)

where:

PFe was the total core loss;
Ch was the hysteresis loss coefficient;
Ce was the eddy current loss coefficient;
f was the frequency of sinusoidal flux;
Bm was the average flux density amplitude.
When Bm< 1, n take 1.6, when Bm> 1, n take 2; the
value of Pr was neglected.
When the generator ran in steady state, the skin
effect on the coil surface was neglected, and the total
copper consumption of the winding was as follows:
2
PCu = mIrms
R

(3)

where:
m was the number of motor phases;
Irms was the effective value of winding phase
current;
R was the value of phase winding resistance.

SRG would produce a large number of copper and
iron losses during operation, which would lead to the
rise of temperature of stator, rotor and winding.
Excessive temperature would not only reduce the
efficiency of the motor, but also accelerate the aging of
winding insulation and reduce the service life.
Therefore, accurate calculation of inner losses of
SRG had important practical value for improving
generator performance and reliable operation.
2.5 Theoretical analysis of the heat transfer
“Joule heat and thermal expansion” multi-physical
field interface combined electromagnetic field,
temperature field and stress field, and coupled copper
and iron losses from electromagnetic analysis of the
previous section to temperature field as heat source[1618]. From the coupled analysis of electromagnetictemperature field, it can be seen that the equation of
electromagnetic heat source was as follows:
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 Cpu  T =   (kT ) + Qe


Qe = J  E

(4)

Firstly, the B and D power generation coils
conducted heat to the surface of the element through
heat conduction, and then scattered it to the
surrounding medium through convection and radiation.
Thermal conduction and convection played an
important role in the process of heat transfer in the
generator. The heat conduction equation was:


Cpu  T +   q = Q


q = −kT

(5)

where:
Q was the heat source;
ρ was the density;
CP was the heat capacity;
K was the heat conduction coefficient.
There was a heat transfer relationship between the
heat conduction system of the generator body and the
surrounding medium, that was called boundary
conditions, to distinguish the surrounding medium from
the generator body.
The generator stator system was transferred to the
rotor by thermal convection.
The convective air cooling in other boundary was
simulated by using heat flux boundary conditions with
heat transfer coefficient h of 5W/(m2K) and external
temperature Text of 293.15 [K]. The heat flux boundary
conditions were as follows:

− n  q = q 0

q0 = h(Text − T )

(6)

Expansion Deformation of Generator Body Caused by
Rising Temperature, as a coupling interface, the
governing equation of thermal expansion was as follows:

 th =  (T )(T −T ref )

(7)

where:
Tref set the strain reference temperature equal to
the external temperature Text.

Thermal expansion caused stress in the generator
body. Thermal expansion was a volume force load in
structural mechanics analysis, under which the driving
motor would experience stress.
The governing equation of stress was as follows:

F = E (T − Tref )

(8)

2.6 The mode of coupling
There are two coupling modes between magnetic
field and temperature field, one was unidirectional
coupling and the other was bidirectional coupling. The
research method of this paper was bidirectional
coupling.
The concept of the unidirectional coupling was that
all the final analysis results of one physical field were
directly coupled to another. For example, in the
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electromagnetic field and temperature field, the loss of
the generator generated electromagnetic field was
coupled to the temperature field as the heat source of
the temperature field analysis, and whether the result
of the temperature field solution had any impact on the
electromagnetic field was not considered.
The concept of the Bidirectional coupling was that
data exchange between two physical fields.
For example, the loss obtained from the magnetic
field analysis was coupled to the temperature field as
the heat source required by the thermal analysis in
Section 2.4.
The result obtained from the temperature field
analysis affected the resistivity of the magnetic material
in the magnetic field analysis, and it would cycle until
the generator reaches the thermal balance, and finally
the corresponding result would be obtained[19, 20].
The coil in this paper was wound by copper wire,
assuming that the conductivity was constant, and the
resistance of conductor increases with the increase of
temperature.
The
relationship
between
resistivity
and
temperature was approximately linear over a large
range.

 = 0 (1 +  (T − Tref ))

 = 1/ 

(9)
(10)

where:
α was the temperature coefficient;
ρ0 was the reference resistivity of copper and set
at 1.75 x 10-8(Ω·m);
σ was the conductivity.

According to the relation of resistivity defined in
formula (9), the temperature dependence of conductor
can be obtained, and the conductivity was the
reciprocal of resistivity.
3. Results
3.1 Coupling analysis of the electromagnetic fieldtemperature field and the stress field of the
stator structure
In this paper, the coupled numerical modes of
electromagnetic field-temperature field-stress field was
established. In order to obtain the temperature rise
under the loss as heat source, the stress of stator system
under thermal expansion and the vibration
displacement under thermal stress in the finite element
analysis, the theory of electromagnetic field, loss and
heat transfer was analysed in the last section.
3.1.1 Analysis of the results of the external stator
Since the generator was a deflectable double-stator
structure, this section first analysed the influence of the
generator coil on the multi-physical field coupling of the
external stator.
In the finite element simulation, the contact part
between the outer stator and the surface of the outer
stator shell was set as a boundary condition, which was
called fixed constraints. It is shown by the arrow on the
left side of Figure 1 (supra).
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When the B-phase winding on the external stator
generated electricity, the bidirectional coupling
analysis was carried out first.
Let the temperature coefficient α= 0.0039 1/k be
substituted into equation (9), and the correlation
between resistivity and temperature T was shown in
equation (9). It was the temperature distribution
obtained by Bidirectional coupling analysis.
The results obtained were shown in the graphs
below.
The temperature changes caused by copper and iron
losses of the generator external stator were shown in
Figure 2.

Figure 4. Unidirectional Coupled Temperature
Distribution Map

Figure 2. Bidirectional coupled temperature
distribution map

The stress caused by thermal expansion of the
structure are shown in Figure 3.

3.1.2 Analysis of the results of the inner stator
The influence of generator coil on multi-physical
field coupling of external stator was analysed in the last
section.
Similarly, the part where the inner stator contacts
the inner stator axis was set as a boundary condition. It
was shown by the arrow on the right side of Figure 1
(supra).
In addition, there were 12 inner stator teeth on the
inner stator of the generator.
According to the analysis of Figure 2 (supra), the
influence of four B-phase coils on the external stator
structure only concentrated on the external stator teeth
and the external stator yoke, which had no effect on the
adjacent stator teeth.
Therefore, this section only analysed the power
generation of four D-phase power generating windings
on the inner stator teeth, The remaining 8 inner stator
teeth and windings were not studied because they did
not generate electricity.
The temperature variation caused by copper and
iron losses were shown in Figure 5.

Figure 3. Stress distribution diagram of outer stator

Then the constant resistivity and temperature
coefficient α= 0 1/k were substituted into equation (9)
for comparison with the strong coupling data.
The temperature of the generator stator was
obtained as shown in Figure 4.
Figure 5. Bidirectional Coupled Temperature Diagram

We noted that the maximum temperature of the
internal stator of the generator was 299.06 K, and due
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to the effect of heat conduction and convection, the
temperature at different positions of the internal stator
was different.
The stress caused by thermal expansion of the
structure in the generator was shown in Figure 6.

4.1 External stator analysis
Analysis of Figure 2 (supra) showed that the stator
tooth temperature of the four B phase windings of the
external stator was the highest, which was about 313K.
Temperature transferred heat from the heat source to
the rest of the stator structure through heat conduction.
Under the combined action of copper loss and stator
iron loss, this leading to the different parts of the
generator had different temperatures.
From the observation of Figure 3 (supra), it can be
seen that the external stator of the generator was
subjected to the greatest stress around the four B-phase
generating windings, which was about 1.6×107 N/m2,
corresponding to the temperature distribution of the
external stator.
It can be seen from Figure 4 (supra), that the
maximum temperature of the external stator was 359 K
when unidirectional coupling analysis was carried out.
Compared with the Bidirectional coupling
temperature of Figure 2 (supra), the maximum
temperature increased by almost 46 K at this time.

Figure 6. Stress distribution diagram of inner stator

4.2 Inner stator analysis
It can be seen from the Figures 5 and 6 (supra), that
the stress was high in the place where the temperature
is high. Since the fixed constraint was the position
indicated by the arrow on the right side of Figure 1
(supra), the maximum stress on the inner stator was
concentrated at the fixed constraint, which was about
7.2×104 N/m2 .

It can be seen from the observation of the Figure 6,
that from the fixed constraint to the inner stator, the
stress on the inner stator gradually decreased, and the
stress on the stator teeth was the smallest.
The red line and blue line in Figure 7 were the
vibration displacement curves of the outer diameter of
the inner stator with unidirectional coupling and
bidirectional coupling respectively.

Figure 7. Displacement Contrast Diagram

In Figure 7, the vibration displacement of the red
line was larger than that of the blue line.
4. Discussion
The study of this paper was a deflectable double
stator Switched Reluctance Wind turbine.
Due to the limited space, only the temperature
analysis and stress situation related to the outer stator
and the inner stator were analysed, while the stator
structure did not analyse the temperature rise and
vibration of the rotor, and also did not do too much
analysis on the generator in the case of deflection,
which would be analysed in the future research.

4.3 Comparative analysis of single and two-way
coupled vibration
It can be seen from the Figure 7 (supra), that the
unidirectional coupling was higher than the
bidirectional coupling temperature rise in the previous
section.
According to the vibration displacement generated
by thermal expansion, the vibration displacement of the
temperature rise was larger, which was consistent with
the actual situation.
5. Conclusion
Based on the electromagnetic field-temperature
field-stress field module, through the theoretical
analysis of magnetic field, heat source and heat
transfer, FEA was used to intuitively model the
generator.
In this paper, the two-way coupling of magnetic field
and temperature field was used to analyse the
temperature rise of the generator.
The inner diameter vibration displacement of the
inner stator of the generator was compared with that of
the single-way coupling and the two-way coupling.
It can be seen that the vibration displacement
increased with the increase of temperature.
This paper systematically expounds the heat source
as loss, the stress on the stator system caused by
thermal expansion and the corresponding vibration
displacement, which are small and have no effect on the
normal operation of the generator.
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The stator yoke and teeth in the stator structure
suffer more stress than other parts of the stator
structure.
In order to ensure the long life of the generator, the
influence of temperature dependent resistivity on the
solution cannot be ignored.
In addition, the above analysis shows that the twoway coupling is much closer to the fact than the oneway coupling and can predict the temperature
distribution in the generator more accurately.
The thermal stress will produce load on the material
and will cause vibration displacement of the stator
system.
Therefore, the strength of the structural material
should be increased in the corresponding parts of the
stator system to prevent damage to the motor structure
due to excessive stress, which can improve the
operation stability of the generator and reduce vibration
and noise.
In addition, the vibration displacement is very small
and has little effect on the work of the generator.
From the perspective of electromagnetic fieldtemperature field-stress field, it can predict the fault
diagnosis and state detection of generator.
The research content of this paper provides a
theoretical basis for the optimal design of motor in the
future.
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