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Electromagnetic Loss Analysis and Temperature Field Estimate of
Hybrid Double Stator Bearingless Switched Reluctance Motor

Yukun Sun?® 2, Kai Cao?, Ye Yuan?® ", Shuaipo Guo?, Niu Liu®, and Le Li3

Abstract—A new hybrid double stator bearingless switched reluctance motor (HDSBSRM) realizes
the decoupling of torque and suspension force from the structure, and the permanent magnet added in
the inner stator further reduces the suspension power loss. For HDSBSRM, loss is the main cause of
temperature rise. In order to ensure the stable suspension and rotation of the motor, loss of the Magnetic
Bearing (MB) and motor are calculated and analyzed by finite element method (FEM). Based on the loss
result, the temperature field is analyzed. The analysis of loss and temperature field provides important
theoretical basis for the design of motor cooling system.

1. INTRODUCTION

Switched reluctance motor (SRM) has become one of the most popular motors because of its simple
structure and excellent performance. However, the efficiency of SRM is not ideal because of its rotor
salient structure and mechanical bearing loss at high speed. Therefore, magnetic bearing is used to
replace the mechanical bearing to reduce the mechanical loss and increase the performance of SRM
in the high-speed field. It has a broad application prospect in aerospace, flywheel battery, and other
fields [1].

Bearingless switched reluctance motor (BSRM) combines a magnetic bearing system with the
torque system of SRM and generates suspension force and torque to realize the suspension and rotate
of the motor. Reference [2] put forward 12/8 double winding maglev SRM, and two sets of windings
realized suspension and rotation, respectively, but two sets of windings increased the difficulty and cost
of stator processing. Reference [3] put forward single winding maglev SRM, which reduced the system
cost but increased the control difficulty. Reference [4] put forward double stator maglev SRM to realize
the decoupling on the motor body, which basically solved the coupling effect of BSRM torque and
suspension, greatly reducing the motor control difficulty. Based on this motor structure, permanent
magnet was added to the inner stator to increase the radial suspension force of the motor in [5], which
solved the problem of insufficient suspension force caused by the minimum suspension and reduces the
suspension power loss of the motor.

In order to verify the performance of the motor, the finite element analysis is recognized as
an effective tool [6-10]. Reference [11] realized the accurate modeling of BSRM by electromagnetic
analytical method. Reference [12] studied the accurate calculation formula of iron loss of BSRM.
Reference [13] calculated and analyzed the copper loss of SRM winding, providing the basis for the
optimal design of motor winding. Reference [14], according to the non-linear characteristics of SRM,
analyzed the transient temperature field of external rotor structure SRM. Reference [15] used the finite
element method to solve the coupling of electromagnetic field and temperature field of motor and
proposed LPTN model to make the thermal analysis method applicable to different structures and
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parameters of motor. However, the calculation and analysis of HDSBSRM loss is more complicated
compared with ordinary BSRM, and the analysis of its temperature field has not been covered in any
literature.

This paper introduces the structure and operation principle of a 12/8/4 HDSBSRM and analyzes
its loss and temperature characteristics. In the second section, the topological structure and operation
mechanism of HDSBSRM are introduced. In the third section, the loss distribution of motor is analyzed
by using calculation method and FEM respectively. Finally, the temperature field analysis model is
established by using Workbench software; the heat dissipation coefficient of each part of motor is fully
considered; and the temperature of HDSBSRM at 10000 rpm speed is analyzed. The analysis of loss
and temperature field provides important theoretical basis for the design of motor cooling system.

2. STRUCTURE OF HDSBSRM

The structure diagram of HDSBSRM studied in this paper is shown in Fig. 1. The motor consists
of an outer stator, a rotor, and an inner stator. The torque system consists of a rotor and an outer
stator, and the suspension system consists of a rotor and an inner stator. The inner stator is divided
into two independent suspension stators by the embedded permanent magnet in the middle of the inner
stator, and the permanent magnet can reduce the power loss of the suspension winding and improve the
operation efficiency of the motor. Four suspension poles are set at 90 degree interval between left and
right inner stators, and each suspension pole has corresponding suspension winding to provide radial
suspension force. The rotor and outer stator are similar to the ordinary 12/8 SRM. The rotor has a
salient pole structure every 45 degrees, and there is no winding on the salient pole. The outer stator
has a salient pole structure every 30 degrees, and a torque winding is on the salient pole. Four windings
of 12 windings every 90 degrees are connected in series into the same phase, which is divided into three
phases A, B, and C, controlled by three-phase asymmetric half bridge.

_—outer stator

(b)

Figure 1. The structure of HDSBSRM. (a) Front view. (b) Exploded view.

The stator structure and magnetic circuit in HDSBSRM are shown in Fig. 2. When the rotor
is in the balance position, there is no current in the suspension winding, and the permanent magnet
generates bias flux. The bias flux density is the same in the positive and negative directions of XY,
so the rotor can be in the balance position. When the rotor is eccentric, the displacement sensor
inputs the displacement signal to the controller. The controller controls the main circuit to generate
the control current for the suspension winding. The control current generates the control flux in the
corresponding winding. After the control flux and the permanent magnet bias flux are superposed, the
radial suspension force will be generated to pull the rotor back to the balance position. Table 1 lists
the motor parameters studied in this paper.
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Figure 2. Inner stator structure and magnetic circuit. (a) Inner stator structure. (b) Magnetic circuit.

Table 1. Motor parameters.

Parameter Value Parameter Value
Rated power P/W 1200 Rotor outer diameter D, /mm 72
Rated speed n/rpm 10000 Rotor inner diameter D;/mm 40
Rated efficiency n/% 80 Air gap g/mm 0.5
Rated voltage U/V 220 Magnetic block length L;/mm 6.5
Outer Stator diameter D,/mm 129 Rotor teeth Pole arc ;/° 15
Permanent magnet diameter D,/mm | 19 Permanent magnet thickness Lo/mm 3.5
Rotor yoke height L3/mm 8 Torque winding turns per phase N; 40
Outer stator teeth Pole arc [35/° 15 Suspension winding turns per phase No 60

3. LOSS ANALYSIS OF HDSBSRM

3.1. Loss Calculation Model

Efficiency is an important index to measure the performance of the motor. Accurate calculation of
the loss is an important prerequisite to obtain the efficiency parameters of the motor. The complex
structure of HDSBSRM makes the calculation of the loss extremely difficult. Generally, motor efficiency
can be described as: T

w
e 1)
Tavw + Ploss

where Ty, is the average torque; w is the angular velocity; Pj,ss is the total loss, which can be described
as:

’]’l:

]Dloss:PCu+PFe+Ps (2)

where Pr. is the iron loss; Pc,, is the copper loss; P; is the additional loss; Pg, includes the copper
loss of inner stator winding and outer stator winding. When the motor is suspended stably by the
permanent magnet bias magnetic field. The suspension current is 0 A, and the suspension winding loss
is 0 W. Ignoring the skin effect, copper loss is directly proportional to the square of current:

Pcu = qIZnR (3)
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where ¢ is the phase number of motor; R is the winding resistance; I,,, is the effective value of phase
winding current. The calculation formula of each parameter can be described as follows:

N gon
I, = \/—/ i2(0)d6
2 Goff

2k, Lsyie N (4)
krinSe
9N,

where N is the number of rotor poles of BSRM, N = 8; 0, and 6,7 are the off angle and on angle of
the switch tube respectively; pey(Tew), Se, ki, and ki are the conductivity of the winding, the cross-
sectional area of the stator slot, the coefficient considering the end length, and the slot full rate. The
calculation formula of the electric conductivity of the winding is:

Pcu (Tcu) = Pcu0 * [1 + Qey (Tcu - TO)] (5)

where gy, Tey, and Ty are resistance temperature coefficient, winding temperature, and reference
temperature.

In the process of motor operation, the additional loss mainly includes friction loss and ventilation
loss. Due to the different doubly salient structures and rotating speeds of SRM, it is difficult to calculate
the friction loss and ventilation loss with an accurate formula. In [16], mechanical loss and ventilation
loss are considered as a whole and calculated. The calculation formula can be expressed as follows:

Py = ay, Viywt? (6)

where a,, is the wind resistance coeflicient; V,,; is the volume of air inside the motor without considering
the stator core; P2 is fitting coeflicient.

Under the condition of high-speed operation, the iron loss increases exponentially, while HDSBSRM
is a salient pole structure, so the analysis of iron loss will become very complicated. In [17], an improved
separation model is proposed to separate the loss into hysteresis loss, classical eddy current loss, and
abnormal loss. The calculation formula is as follows:

PFe - Physt + Peddy + Peacc - khysthzn + keddyf2BT2n + kexcflﬁBrl)f (7)

where Py, is the hysteresis loss; Peqqy is the eddy current loss; Py is the abnormal loss; kp,y s is the
coefficient of hysteresis loss; keqqy is the eddy current loss coefficient; ke, is the abnormal loss coefficient;
f is the change frequency of magnetic induction intensity.

R_ Pcu (Tcu) :

3.2. FEM Verification of Iron Loss

Iron loss result of HDSBSRM using finite element method at 10000 rpm is shown in Fig. 3. The figure
shows the distribution diagram of the total iron loss of rotor at different mechanical angles. It can be
seen that the bias magnetic field of permanent magnet produces eddy current loss on the rotor. When
the rotor is in balance state, the control flux is 0, and only the permanent magnet bias flux produces the
suspension force. However, when the rotor rotates, there are amplitude changes in the air gap magnetic
density. The distribution of the rotor magnetic density is uneven, and the rotor magnetic field changes
which causes iron loss.

The current of each phase and loss of HDSBSRM at 10000 rpm are shown in Fig. 4. The external
circuit of the set motor is shown in Fig. 4(a), and the three-phase current waveform is shown in Fig. 4(b).
Fig. 4(c) shows that the total hysteresis loss is about 20 W, and Fig. 4(d) shows that the eddy current

Table 2. Calculation results of iron loss.

Part Outer stator | Inner stator | Rotor
Calculation (W) 90.8 2.1 49.2
FEM (W) 97.56 2.33 51.1
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Figure 3. Finite element simulation diagram of iron loss. (a) 6 = 0°. (b) # = 3°. (c¢) 6 = 6°. (d)
0 =9°

loss of the motor is about 125 W. It can be concluded that the total iron loss of the motor is about
145 W.

Table 2 shows the motor loss results obtained by the calculation method and the finite element
analysis method, respectively. It can be seen that the results of the two methods are similar.

4. ESTIMATE OF TEMPERATURE FIELD

The temperature field analysis in this paper is based on the 3D loss analysis model established by
ANSYS. The loss data model is introduced into the Workbench. The loss is taken as the heat source,
and the temperature rise curve of the motor is calculated by considering the structural differences

and different heat conduction and heat dissipation coefficients of each part of the motor. Finally, the
performance of the motor is analyzed.
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Figure 4. Loss with control current for HDSBSRM. (a) External circuit. (b) The three-phase current
waveform. (c) Hysteresis loss. (d) Eddy current loss.

4.1. Thermal Model Parameters
4.1.1. Thermal Conductivity

The thermal conductivity of the main components of HDSBSRM mainly includes the thermal
conductivity of winding, air gap, and stator/rotor core. It is relatively difficult to accurately model
the equivalent insulator of the motor winding. Therefore, the simplified modeling of the motor winding
is carried out. The calculation formula of the equivalent insulator thermal conductivity of the winding

is as follows:
)‘eq—zdi/Zr (8)
n=1 n=1""

where A4 is the thermal conductivity of the equivalent insulator of the winding; §; and A; are the
thickness and thermal conductivity of each layer of insulator.
The stator core is made of a silicon steel sheet, which is equivalent to the heat transfer between
two steel plates. Therefore, the calculation formula of the equivalent thermal conductivity is as follows:
Tgq + Tp

o/ ka + Ta/ b )

where x, is the thickness of the first steel plate; x; is the thickness of the second steel plate; k, is the
thermal conductivity of the first steel plate; k; is the thickness of the second steel plate.

The air in the air gap is statically treated, and the equivalent thermal conductivity of the air gap
is described by the thermal conductivity of the static air [18]:

k=

0.25
Aeff:o.zzw( > Re® )\, (10)

R,
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where 3 is the empirical coefficient of the rotor surface; R, is the outer diameter of the rotor; A\ is the
thermal conductivity of air in the air gap; § is the air gap length; Re is the Reynolds coefficient. The
calculation formula is: w
,
Re = o (11)
where w, is the rotor angular speed; vg is the kinematic viscosity of air in the air gap.
Table 3 shows the values of heat conduction parameters of motor materials during thermal analysis.

Table 3. Heat conduction parameters of each material.

Density Specific Heat Thermal

Part Material (ke /m?) Capacity Conductivity

(I/kg-K) | (W/(m-K))
Outer Stator DW470 7800 450 70
Inner Stator and rotor | Pure iron 7897 452 67.5
Slot insulation Composite 1.2 1340 0.3
Winding Copper 8900 390 386
Air gap (10000 rpm) Air 1.29 1004 0.13
Permanent magnet NdFe35 8300 544 11

4.1.2. Internal Heat Generation Rate

The temperature rise of the motor is caused by various losses inside the motor. The losses calculated
by the finite element analysis are loaded into the thermal model as a heat source. However, due to the
inaccuracy of the calculation results of copper loss in the finite element simulation results, the formula
method is used separately to calculate the heat generation rate of the motor winding, and the calculation
formula of the heat generation rate of the winding is as follows:

qg=p-J? (12)
where p is the resistivity; J is the current density.

4.1.8. Surface Convective Heat Transfer Coefficient

The convective heat transfer coefficient between the shell and the air is:

T
am =14 (1+05v0)" /32 (13)
where w is the internal wind speed of the casing; Ty is the ambient temperature.
The heat dissipation coefficient of winding and stator end face is:
1+ 0.04w,
_ 1+ 0.0dwr (14)

Qyy = g =
0.045
where w, is the outer diameter linear speed of the rotor.
The convective heat transfer coefficient of rotor end face is:

o, =28 (14 0.45w,) (15)

4.1.4. Model of Temperature Field

The three-dimensional model of the motor is imported into ANSYS/Workbench, and the finite element
model of transient temperature field is established. The heat conduction model of the motor, the heat
generation rate of the heating part, and the convection heat dissipation coefficient of the convection
surface are set in the model. Secondly, in order to make the model more accurate, the winding and
the equivalent insulation need to be subdivided. The three-dimensional model of the motor is shown in
Fig. 5.
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Figure 5. 3D thermal model.

4.2. Temperature Field Simulation Results and Analysis

The temperature field analysis of the motor is shown in Fig. 6. Figs. 6(a) and 6(b) are the heat flux
diagrams from different perspectives, from which we can know the heat dissipation direction and speed
of each part of the motor, of which the heat dissipation rate of the rotor end face is the largest.
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Figure 6. Heat flux diagram. (a) Front view. (b) Side view.

Figures 7(a)-7(e) show the temperature distribution of each part of the motor. From the figure, it
can be seen that the maximum temperature rise of the motor is 89.75°, and the overall temperature is
high, but within the controllable range. Because of the low loss of the innerstator, its temperature is
relatively low. Due to the high heat dissipation rate at the end, the temperature at the axial middle
position of the motor is higher, and the temperature at both ends is lower. However, the temperature
of the rotor teeth is lower, and the temperature of the yoke is higher, which is consistent with the loss
analysis results.

In order to see the temperature rise of each part of the motor more intuitively, Fig. 8 shows the
temperature rise curve of the main structure of the motor, including the double stator, rotor, and
winding. It can be clearly seen that the temperature of the motor has reached steady state within
4000s. The temperature rise of outer stator and winding is the highest, and that of inner stator is the
lowest, which is consistent with the loss analysis.
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Figure 7. Analysis results of temperature field. (a) Overall. (b) Outer stator. (¢) Winding. (d) Rotor.
(e) Inner stator.
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Figure 8. Temperature rise curve.

5. CONCLUSION

Based on the introduction of the internal structure of a 12/8/4 HDSBSRM, the loss of the motor is
analyzed and calculated by the formula method and finite element method, respectively. On this basis,
the three-dimensional loss model of the motor is imported into the Workbench software to analyze the
temperature rise characteristics of the motor. The results show that the value of loss and temperature
rise analysis results of the HDSBSRM motor are basically consistent with the pre estimate. At high
speed, the temperature of motor rises rapidly, and the final temperature of winding, rotor tooth, and
stator tooth is relatively high. Therefore, in the design of a bearingless motor, in order to reduce
the temperature rise, it is necessary to reduce the loss of the motor in the premise of ensuring the

electromagnetic performance of the motor. This study provides a basis for the performance verification
and optimal design of the motor.
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