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SOSM Direct Torque and Direct Suspension Force Control
for Double Stator Bearingless Switched Reluctance Motor

Chu Chen”, Huijie Guo, and Ge Zhang

Abstract—Because of the current commutation and the double salient pole structure of bearingless
switched reluctance motors (BSRMs), the torque and suspension force have large ripples when
traditional current control methods are used. According to the special structure of the double stator
BSRM (DSBSRM), the direct decoupling of torque and suspension force is realized. Therefore,
the DSBSRM can be controlled separately as a conventional 12/8 SRM and a four-poles active
magnetic bearing. In order to achieve the suppression of the torque ripple and improve the robustness
of speed, a direct torque control (DTC) strategy using second order sliding mode (SOSM) speed
controller is proposed. In order to achieve the suppression of the suspension force ripple and rotor
displacement chattering, a direct suspension force control (DSFC) strategy is proposed as well. Then
the SOSM-DT/DSFC model is established by simulink. The results of simulation show that the
torque ripple, suspension force ripple, and rotor radial displacements of DSBSRM can be reduced
respectively. Moreover, the proposed control strategy has better robustness and dynamic performance
than traditional control strategy.

1. INTRODUCTION

Switched reluctance motors (SRMs) are characterized by having high starting torque, simple and robust
structure, low cost, inherent fault tolerance, and no rotor windings [1-3]. These features make the SRM
attractive for electric vehicles and aeronautical applications [4,5]. In order to avoid the mechanical
friction between the shaft and bearing, the bearingless switched reluctance motor (BSRM) was developed
by Takemoto et al. which can achieve rotation and suspension in the same motor [6]. Therefore, BSRM
has the advantages of low mechanical loss and high critical speed, and has great application prospects
in the field of flywheel energy storage system and superconducting maglev trains [7]. However, there is
a nonlinear strong coupling relationship between torque windings and suspension windings in BSRM,
which leads to the complexity of decoupling control [8,9].

In recent years, some scholars have tried to weaken the coupling between windings from the point
of view of motor structure design and studied several novel BSRM topology structures, including hybrid
stator BSRM, double stator BSRM, and width stator BSRM [10-13]. Reference [10] proposed a 8/10
hybrid stator type BSRM. The stator poles are designed with wide and narrow poles. The suspension
windings are superimposed on the wide pole teeth, and the torque windings are superimposed on the
narrow pole teeth, which reduces the coupling between torque and suspension. Based on the 8/10
hybrid stator BSRM, a new 12/14 hybrid stator BSRM structure was presented in [11]. Reference [12]
proposed a novel width rotor BSRM. The width rotor BSRM divides inductance into suspension and
torque intervals, thereby achieving the decoupling of torque and suspension. Reference [13] proposed a
new structure of double stator BSRM (DSBSRM). The suspension and torque windings are respectively
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on the inner and outer stators of DSBSRM, and the two sets of windings have independent magnetic
flux paths, which effectively overcome the coupling between suspension force and torque.

However, because of the double-salient-pole structure and pulse-type phase currents, that large
ripples exist in the radial force and torque has been the significant shortcoming which restricts BSRMs’
application [14,15]. Hence, it is necessary to study its low torque ripple and low suspension force
ripple operation. In 1980s, the concept of DTC was proposed for AC motor drives, which is a simple
solution to facilitate the torque control and decrease the torque ripple of AC motors by regulating
the flux as a constant [16]. Based on the DTC of conventional AC motors, the DTC of SRMs was
firstly proposed as a solution of sensorless for SRM drives, which requires the change of the winding
configuration, bipolar currents and short-path flux patterns [17]. In [18], a traditional square wave
current control method for 12/8 BSRM was proposed. In [19], a torque and suspension force decoupling
control method was proposed. In [20], an average torque and suspension force independent control
strategy was proposed. In [21], a suspension force square-wave current control strategy which can reduce
the coupling of suspension forces in x and y directions for width rotor teeth BSRM was presented. When
the parameters of the motor system change, the traditional PID control can no longer meet the high-
performance operation requirements. High-order sliding mode control has the characteristics of fast
response, insensitivity to disturbance and parameter change, and simple implementation. It is widely
used in motor control [22-25]. In [22], high-order sliding mode control is applied to the nonlinear control
of induction motor, which improves the static and dynamic performance of motor speed regulation
and enhances the robustness. In [23], the chattering problem in PMSM control system is effectively
eliminated by using high-order sliding mode. In [24], for the SRM torque ripple problem, a high-order
sliding mode is used to reduce the chattering of the output speed.

For the purpose of simultaneously achieving the suppression of the torque and suspension force
ripple of DSBSRM, a direct torque and direct suspension force control (DT /DSFC) strategy is proposed
in this paper. The control system is divided into two parts: torque subsystem and suspension force
subsystem. Firstly, the structure and operating principle of DSBSRM are introduced. Then, the
mathematical model of DSBSRM and DT/DSFC principle are given. In order to further reduce the
chattering of output speed and enhance the robustness of the torque subsystem, a second order sliding
mode (SOSM) controller using super-twisting algorithm is designed. Finally, the effectiveness of the
SOSM-DT/DSFC method is validated by simulink.

2. TOPOLOGY AND MATHEMATICAL MODEL OF DSBSRM

2.1. Topology Structure of DSBSRM

As shown in Figure 1, a DSBSRM mainly comprises an outer stator with 12 poles, a rotor with 8
poles, and an inner stator with 4 poles. The torque stator is outside, which mainly produces rotational
torque. The radial force stator is inside, which mainly generates radial force to suspend rotor. Torque
windings and suspension force windings have independent magnetic flux paths, which effectively solves
the coupling problem between the motor rotation function and suspension function, and simplifies the
control difficulty of the system. Windings on pole Al, pole A2, pole A3, and pole A4 are connected
in series to construct torque winding A. Windings on radial force pole such as P1, P2, P3, and P4 are
independently controlled to construct four radial force windings in x and y directions.

The decoupling characteristics of the DSBSRM torque subsystem and suspension subsystem can
be proved by [13]. Therefore, the DSBSRM can be controlled separately as a conventional 12/8 SRM
and a four-poles active magnetic bearing.

2.2, Mathematical Model
The torque expression of DSBSRM can be expressed as Eq. (1).

Te = 'LmT (1)

here, i,, is the torque winding current; ¢ is the stator flux linkage; 6 is the rotor position angle.
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Figure 1. Structure of DSBSRM.

Assuming that the eccentricities of the rotor in the positive direction of z-axis and y-axis are x
and y respectively, and ignoring the effect of magnetic saturation of the suspension pole, the suspension
force produced by 4,1, 41, 122, and i,z can be derived from the virtual displacement method:

MOhBrNQZQ

s g

Ej - )
2
(2)

In the above formula, pg is the vacuum permeability; A is the length of the laminations; r is the
radius of the inner stator; 3, is the tooth width of the inner stator, and its value is 7r/4.
In addition,

=,y =12 (2)

lz1=g2—

lyIZQQ_y

3
lzo =92+ (3)
lyt=92+y

here, g5 is the air gap length between inner stator and rotor of DSBSRM.

3. DSBSRMSOSM-DT/DSFC STRATEGY

3.1. Principle of DTC Scheme

Due to formula (1), there is a first order delay link between torque winding current and flux linkage,
and torque can be controlled only by changing flux. The positive and negative of the instantaneous
electromagnetic torque T, can be changed by changing the positive and negative of 1.

According to the voltage balance equation, the torque winding voltage Up can be expressed as

Eq. (4).
dipy,

Uk = Ryiy, + —— (4)
dy

where Ryip is the stator resistance voltage drop, and it can be neglected because Ryiy is far less than
U}.. So, the expression of v can be obtained as follows:

Yy = /det (5)
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Discretization of Eq. (5) can be achieved:
Y = Y1 + UpAt (6)

Therefore, the stator flux amplitude can be controlled by choosing the appropriate space voltage
vector relationship.

There is almost no coupling between the torque and the suspension force of DSBSRM, so the
magnitude and angle of flux can be controlled by choosing the space voltage vector of the torque to
achieve the purpose of controlling the torque. The three-phase asymmetric half-bridge structure is
chosen as the torque winding power conversion circuit. We can give the following three voltage states:
state 1, state 0, state —1. State 1 indicates that the phase torque voltage is forward conducting; state
0 indicates that the phase torque voltage is zero; and state —1 indicates that the phase torque voltage
is reversed. Considering the normal operation and working efficiency of the motor, six space voltage
vectors of torque windings, Uy, Us, Us, Uy, Us, Ug, are determined. There are six connected stats for
six different voltage space vectors: Uy (1,0,—1), Uz(0,1,—1), Ua(—1,1,0), Usy(—1,0,1), U5(0,—1,1) and
Us(1,—1,0). Figure 2 shows the equivalent space voltage vector of DSBSRM.

Ay,

B-phase N=2
Vs
N=3 N=1
Us U
60° Wi
A-phase )_>
60° v,
N=4 N=6
4 v Us
N =
C-phase g Ve

Figure 2. Equivalent space voltage vector of Figure 3. Flux vector diagram of DSBSRM.
DSBSRM.

Table 1 shows the switching states corresponding to the torque voltage space vector of DSBSRM.

In order to simplify the estimation of flux linkage and its angle, this paper uses the coordinate
transformation method to combine the independent three-phase flux linkages in DSBSRM, as shown in
Figure 3.

According to the coordinate transformation method as shown in Figure 3, the positive direction of
phase-A axis is overlapped with the « axis of the vector complex plane. Thus, the magnetic fluxes in

Table 1. Equivalent space voltage vector state table.

Space voltage vector  Upna, Uy, Une

Uy (1,0,-1)
U, (0,1,-1)
Us (—-1,1,0)
Uy (—1,0,1)
Us (0,—1,1)
Us (1,—1,0)
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the o and B directions can be obtained:
Yo =Y — YPpcos 3 Ve cos § 0

b szsing —osin T

™

As a result, the magnitude and phase of synthesis flux linkage can be calculated by Egs. (8) and (9).

o=\ Y3+ (8)

d = arctan?2 <%> 9)

«

According to the torque winding current of DSBSRM, hysteresis loops are compared between real-
time torque 71" and estimated torque T*, and hysteresis loops are compared between real-time flux ¢ and
estimated flux ¢*. The equivalent space voltage vector of DSBSRM is selected, as shown in Table 2.
The symbols 1 and | represent the increase and decrease of torque or flux linkage, respectively.

Table 2. Equivalent space voltage vector switch table.

Tyt TTyt TiyT Tiy)

Un+1 UN+2 Un-1 Un—2

3.2. SOSM-DTC Scheme

The high-order sliding mode has the characteristics of fast response, suppression of chattering, high
control precision, and strong robustness in the motion control system. In order to further reduce the
chattering of the output speed, enhance the robustness of the speed, and improve the dynamic response
capability of the speed, the super-twisting algorithm is used to design the second-order sliding mode
control in the torque subsystem of DSBSRM DT /DSFC.

3.2.1. Principle of SOSM

Considering that DSBSRM is a single input uncertain nonlinear system, formula (10) can be obtained.
= f(r)+g(@)u
y = s(x,t)

here, z is the system state variable; w is the input quantity; f(z) and g(z) are smooth uncertain
functions; s(z,t) is the sliding mode variable. The super-twisting algorithm control law w(t) consists of
two parts, defined by continuous functions of discontinuous time derivatives and sliding mode variables.

u(t) = ui (t) +v(t) (11)

(10)

. -\ |So|p sign (8) |S| > Sy
u (t) = ( M |SPsign(s) |S] < So (12)
—u lu| > 1
o) =4 (13)

—gsign(s) lu| < 1

3.2.2. SOSM-Speed Controller Design

The torque expression of DSBSRM can be expressed as Eq. (14) when considering system load and

friction loss in operating process.

dw
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here, & is the friction coefficient; w is the motor angular velocity.

In the torque subsystem of DSBSRM, speed outer loop, torque closed loop, and flux closed loop
control are adopted. SOSM speed controller is used in the outer loop of speed, which makes the angular
velocity track itself in real time. Speed state error is expressed as follows:

e=w—w" (15)
In order to simplify the controller design, the DSBSRM speed segment can be converted into the

following form:
T=u+d (16)

here, u = Z¢ and d = — (T, + Sw).
Selecting the sliding surface as s = e, the DSBSRM speed controller designed with the super-
twisting algorithm is:

{ T,=J {Al |s|"/% sgn(s) — Z] (17)
7 = —Aosgn(s)

By solving the derivative of the sliding mode variable in the above formula, the closed-loop system
equation is obtained as follows:

ZQ —)\ngn (Zl)
here, Zy = s, z=[ Z1 Zo ]T and 9 is the interference phase.
Therefore, the SOSM controller of DSBSRM torque subsystem can be designed as:
A
T.=J <—)\1 lw — w*|1/2 sign (w — w*) — / gsign (w—w")d(w— w*)) (19)

3.3. Principle of DSFC Scheme

For the closed-loop control of suspension force, the suspension force needs to be observed first. The
estimation of suspension force can be calculated by Equation (2). At the same time, a two-point
suspension force regulator is used to achieve high dynamics of the rotor suspension control of DSBSRM.

As shown in Figure 4, F} is the given value of suspension force, Iy the feedback value of suspension
force, and AF the error of Fy and Fy. AF is also the input of the suspension force regulator, Fg the
switching signal of the suspension windings and the output of the regulator, and +¢,, the tolerance
of the two-point suspension force regulator. The specific adjustment process of the suspension force is
shown in Figure 5.

LA

-Em +Em

Figure 4. Bang-Bang controller of DSFC. Figure 5. Suspension force adjustment principle
of DSFC.
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As shown in Figure 5, take the displacement direction of z-axis as an example. At time t;, assume
that the rotor is eccentric in the positive direction of the z-axis, and the error value of the suspension
force is smaller than the lower tolerance limit —e,;, set by the regulator. The suspension force controller
will output —1, then the corresponding suspension force windings are reversed. At this time, the radial
force of the rotor is increased in the negative direction of the z-axis to control the displacement of the
rotor to the center. At time ty, the rotor is eccentric in the negative direction, and the error value of
the suspension force is larger than the upper tolerance limit +¢,,. The suspension force controller will
output 1, then the corresponding suspension force windings are forward conducting. At this time, the
radial force of the rotor is increased in the positive direction of the x-axis. Similarly, the process of
adjusting the displacement of the rotor in the y-axis direction is the same.

It can be seen that the fluctuation of radial suspension force can be suppressed within the allowable
tolerance range by reasonably choosing the tolerance limit of the regulator. Finally, the stable suspension
of the rotor is realized.

3.4. Control Block of DSBSRMSOSM-DT/DSFC

Figure 6 shows the system control block of DSBSRM SOSM-DT/DSFC. This paper chooses a three-
phase asymmetric half-bridge circuit as the torque winding power converter, and four-phase asymmetric
half-bridge circuit as the suspension force winding power converter of DSBSRM. The torque subsystem
adopts double closed-loop control. The outer loop is speed loop, and inner loop is torque loop and flux
loop. The suspension subsystem adopts the closed-loop control of suspension force.

n
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Figure 6. Control block of SOSM-DT /DSFC.

For the torque subsystem, nx is the given speed, n the real-time speed, and An the difference
between nx and n. An is calculated by SOSM controller to get the given torque T, and the deviation
values of T'x and the estimated torque 1" based on real-time torque windings current are obtained by the
hysteresis loop comparator to obtain the torque hysteresis signal. The deviation value of the given flux
1* and the estimated flux 1) are obtained by the hysteresis loop comparator to obtain the flux hysteresis
signal. The torque and flux hysteresis signals are used as input signals for logic judgment of switching
signal, and then a suitable space voltage vector is selected. Finally, the motor torque subsystem is
controlled by the torque winding power converter.
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For the suspension force subsystem, x* and y* are the given displacements; z and y are the real-
time axial displacements; I, and F,, are the given suspension forces; F,y and F,; are the real-time
radial suspension forces of the rotor. The displacement errors -z and y*-y are generated by the PID
regulator to generate the given suspension force F,, and Fy,. The suspension force error is output by
the suspension force two-point regulator to output the switching signal of suspension windings. The
conduction phase of suspension windings is selected according to the rotor position signal. Finally, the
suspension subsystem of DSBSRM is controlled by the suspension force power converter.

4. SIMULATION RESULTS AND DISCUSSIONS

According to the motor control block and mathematical model, the motor simulation model is
established in Simulink. The parameters of the model are as follows: the given target speed is 2500 r /min;
the load torque is 0.3 N-m; the flux hysteresis width is 0.001 Wb; the suspension force hysteresis width
is 0.1 N; the torque hysteresis width is 0.1 N-m; and the simulation time is 20 seconds.

4.1. Simulation and Analysis of DT/DSFC and Traditional Square Wave Control

Figure 7 shows the flux-linkage trajectory at the speed of 2500 r/min with different control methods. It
can be seen that the flux-linkage trajectory is of circular shape when using DT/DSFC method whereas
that is of triangular diamond shape when using traditional square wave control method. Compared
with the trianglar diamond, the circle can keep the magnitude of the flux basically constant. It can be
seen that DT/DSFC strategy can effectively control the flux linkage amplitude of DSBSRM, so as to
achieve the purpose of suppressing the torque ripple.

0025 X Y Plot s XY Plot
0.02 | 0.02
0.015 ] 0.015
0.01 ] 0.01
.. 0005 | . 0.005
Z Z
™ 0,005 ] ~ 0,005
0.01 ] -0.01
0.015 | 0,015
-0.02 ] 0.02
0023 555 0 0.02 002 5 oas 0 0.025
XN Axs X Axs
(a) (b)

Figure 7. Flux linkage trajectory of DSBSRM. (a) Traditional square wave control. (b) DT /DSFC.

Figure 8 shows the torque ripple waveforms with different control methods. With the traditional
square control method, the range of steady-state torque is —0.1 ~ 0.45 N-m, and the amplitude of the
ripple is 0.55 N-m. With the DT/DSFC method, the range of steady-state torque is 0.2 ~ 0.4 N-m, and
the amplitude of the ripple is 0.2 N-m. It can be seen that DT/DSFC method reduces torque ripple by
75% compared with traditional square wave control method.

Figure 9 shows the suspension force ripple waveforms with different control methods. With the
traditional square control method, the range of steady-state suspension force in z-axis is —9 ~ 10N, and
the amplitude of the ripple is 19 N. With the DT/DSFC method, the range of steady-state suspension
force in z-axis is —4 ~ 5N, and the amplitude of the ripple is 9N. It can be seen that DT /DSFC
method reduces suspension force ripple in x-axis by 52.6% compared with traditional square wave control
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Figure 8. Torque ripple waveforms of DSBSRM. (a) Traditional square wave control. (b) DT/DSFC.
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Figure 9. Suspension force ripple waveforms of DSBSRM. (a) z-axis with traditional square wave
control. (b) z-axis withDT/DSFC. (c) y-axis with traditional square wave control. (d) y-axis with
DT/DSFC.

method. Similarly, DT /DSFC method reduces suspension force ripple in y-axis by 55% compared with
traditional square wave control method.

Figure 10 shows the rotor displacement waveforms in x axis with different control methods. With
the traditional square control method, the range of rotor displacement in z-axis is —0.1 ~ 0.11 mm, and
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Figure 10. Rotor displacement in z axis of DSBSRM. (a) Traditional square wave control. (b)
DT/DSFC.

the amplitude of the ripple is 0.21 mm. With the DT/DSFC method, the range of rotor displacement
is 0 ~ 0.05mm, and the amplitude of the ripple is 0.05 mm. It can be seen that DT/DSFC method
reduces the amplitude of rotor displacement by 76.2% and the maximum displacement error by 54.5%
in z-axis compared with traditional square wave control method.

4.2. Simulation and Analysis of SOSM-DT/DSFC and DT /DSFC

Figure 11 shows the change in speed of the square wave control, DT /DSFCand SOSM-DT /DSFC when
motor starts. The speed of the traditional square wave control method reaches the steady state at 2.2s.
And the DT/DSFC method reaches the target speed at 1.5s, which is 40% faster than the square wave
control strategy. SOSM-DT/DSFC method rises to the target speed in 1s, and there is basically no
overshoot. Therefore, the dynamic response speed of SOSM-DT/DSFC method is increased by 60%
compared with the traditional square wave control method and by 32% compared with DT /DSFC
method.

3000
2500}

.~ SOSM-DT/DSFC
. A .4

g 15000Ff -+ - Wale Control * "1t
T 000, - - e
S00H- - - e

0 ----------------- f -----------------

0 5 10 15 20

Figure 11. Start-up rotating speed of DSBSRM.

As shown in Figure 12, the start-up torques of DT/DSFC method and SOSM-DT/DSFC method
reach steady state at 1s and 0.5s, respectively, which verifies the better torque dynamic response
performance with SOSM-DT/DSFC method.

In order to study the output speed chattering and accuracy problems, the motor speed is stabilized
at rated speed of 2500 r/min. Figure 13 shows an enlarged view of the steady-state speed waveform
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Figure 12. Start-up torque of DSBSRM. (a) DT/DSFC. (b) SOSM-DT/DSFC.
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Figure 13. Steady speed of DSBSRM. (a) Traditional square wave control. (b) DT/DSFC. (¢) SOSM-
DT/DSFC.

with different control methods of DSBSRM. Figure 13(a) shows the steady-state speed waveform of the
traditional square wave control. The speed is stable at 2294 r/min approximately; the speed fluctuation
amplitude is 0.5r/min; and the target speed has a maximum speed error of 206 r/min. Figure 13(b)
shows that the speed is stable at 2492 r /min approximately; the speed fluctuation amplitude is 0.3 r/min;
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and the maximum speed error is 8 r/min. As shown in Figure 13(c), there is almost no speed chattering
and error with SOSM-DT/DSFC. Therefore, the speed fluctuation and speed error are reduced greatly
by DT/DSFC method compared with the traditional square wave method. SOSM-DT/DSFC further
reduces speed fluctuations and errors based on DT/DSFC, virtually eliminating speed chattering and
error.

In order to verify the robustness of SOSM-DT/DSFC method, when the speed is stable at rated
speed of 2500 r/min, external disturbance is applied to the motor, and the load torque changes from
0.3N'm to 0.4 N-m at 5s. The speed and torque waveforms are analyzed with different control methods
of DSBSRM.

As shown in Figure 14(b), under abrupt load change using DT /DSFC, the speed waveform has
changed significantly at 5s. The maximum speed error is 30r/min approximately, and it returns to
the target speed at 7s. As shown in Figure 15(b), under abrupt load change using SOSM-DT /DSFC,
the speed waveform has changed slightly at 5s. The maximum speed error is 2r/min approximately,
and it returns to the target speed at 5.2s. Comparing Figure 14 and Figure 15, when the load torque
is abrupt, the SOSM-DT/DSFC has a smaller change in speed than the DT/DSFC, and the torque
subsystem is more robust.

.80.6 ‘ - - . . . g 2510f - R R e SRR Do

tls
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Figure 14. Results under abrupt load change using DT/DSFC. (a) Torque waveform. (b) Speed
waveform.
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Figure 15. Results under abrupt load change using SOSM-DT /DSFC. (a) Torque waveform. (b) Speed
waveform.
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5. CONCLUSION

This paper introduces the structure and mathematical model of DSBSRM. Due to its decoupling
characteristic between torque windings and suspension force windings, the torque subsystem and
suspension force subsystem of DSBSRM can be controlled separately. In order to achieve the suppression
of the torque ripple and improve the dynamic performance and robustness of speed, a DTC strategy
using SOSM speed controller is proposed through referring to DTC strategy of conventional SRM. In
order to achieve the suppression of the suspension force ripple and rotor displacement chattering, a
DSFC strategy is proposed as well. Then the SOSM-DT/DSFC model is established by simulink. The
results show that the proposed control strategy can effectively reduce the torque and suspension force
ripple, and improve the dynamic performance and robustness of the system.
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