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ABSTRACT: A novel three-unit 8/4 wide-rotor bearingless switched reluctance motor has been designed to address the challenges of strong
coupling and control difficulties between torque and suspension force in traditional bearingless switched reluctance motors. This motor
features independent torque flux paths and suspension flux paths, allowing for separate control of torque and suspension force similar to
traditional switched reluctance motors and active magnetic bearings. To tackle issues such as torque ripple, suspension force ripple, and
reduced system robustness caused by external disturbances during operation, a torque sharing function and a suspension current PWM
control strategy based on active disturbance rejection technology have been proposed. Firstly, mathematical models for the torque and
suspension force of the three-unit 8/4 wide-rotor bearingless switched reluctance motor were established using Ansys simulation data and
the Maxwell stress method. Subsequently, a torque sharing function and a suspension current PWM control system were developed based
on these mathematical models. The endpoint of the commutation overlap zone was set at the maximum value of the phase inductance
to eliminate the weak coupling effect of torque current on suspension force. Finally, active disturbance rejection control technology was
introduced to compare its performance with that of traditional PID controllers in suppressing interference. Simulation results demonstrate
that the proposed method ensures decoupling switching between each phase’s motor torque and its associated suspension while enhancing
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anti-interference performance.

1. INTRODUCTION

earingless Switched Reluctance Motor (BSRM) is charac-

terized by its simple structure, high mechanical strength,
low suspension loss of Active Magnetic Bearing (AMB), and
simple control. It has been widely utilized in aerospace, rail
transit, and other fields. The concept of BSRM was initially
proposed by Japanese scholars Takemoto et al. [1]. They
adopted a double-winding structure and added additional sus-
pension windings to the traditional SRM to achieve rotation and
suspension of the rotor. However, the double-winding struc-
ture increased costs and motor design complexity, leading to the
development of single-winding BSRM. The research on 12/8,
8/10, 12/4, and 8/6 single-winding BSRMs has been conducted
by NASA in the United States, Jiangsu University in China,
Nanjing University of Aeronautics and Astronautics, Beijing
University of Aeronautics and Astronautics among other uni-
versities [2—6], yielding certain results. Nevertheless, the paths
of torque flux and suspension flux in traditional bearingless
switched reluctance motors coincide, with both torque and sus-
pension force being generated by the magnetic pull between
the tooth electrodes of the fixed rotor, overlapping each other.
Consequently, there is inevitable mutual influence during con-
trol, resulting in control coupling. To achieve independent con-
trol of torque and suspension force, it is necessary to employ
decoupling control algorithms such as neural network inverse
system method or least square method. However, this increases
the complexity of control system design and reduces online op-

* Corresponding author: Yonghong Huang (hyh@ujs.edu.cn).

doi:10.2528/PIERC24040302

85

eration speed. To address these issues while considering the
balance of axial distribution of torque and suspension force, a
three-unit 8/4 wide-rotor BSRM is designed in this paper. The
rotor pole arc is twice that of the stator pole arc; the inductance
rising area generates torque, and the inductance flat top area
produces suspension force. Continuous torque and suspension
force can be generated through coordination among front, mid-
dle, and back three motor units.

The BSRM control system primarily regulates torque and
suspension force. In [7], the average suspension force and av-
erage torque control are proposed, with both torque windings
and suspension windings adopting square wave control. While
this strategy can avoid complex winding current calculations
during high-speed motor operation, it is only suitable for situ-
ations with low suspension accuracy. Nonlinear control meth-
ods, such as sliding mode control, adaptive control, and neural
network algorithms, have been widely utilized in BSRM con-
trol systems. Based on finite element analysis and artificial
neural network method, [8] established a BSRM mathemati-
cal model based on nonlinear magnetic circuit and proposed a
direct suspension force control strategy. However, the system
algorithm is complex and not easily implemented online. In [9],
a zonal control of BSRM torque and suspension force was pro-
posed. Traditional current chopper control was adopted for the
torque part, while a similar magnetic bearing control method
was used for the suspension force to design the overall control
system. Nevertheless, the influence of external disturbances on
the motor’s operating state was not considered.
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FIGURE 1. Motor overall structure profile.

Although the traditional proportion integration differentia-
tion (PID) controller has the advantages of an independent
mathematical model of the controlled object and few tuning
parameters, it lacks sufficient ability to restrain external dis-
turbances. Building on the PID Control concept, Han [10] pro-
posed active disturbance rejection control (ADRC). The core
idea is to reduce all uncertainties, including internal parameter
perturbations and external perturbations, to total perturbations
and expand them into system state variables. The extended
state observer is utilized to estimate and compensate for the
total perturbations in real time, ultimately simplifying the con-
trolled objects into series integrators. ADRC has been widely
applied in motor control, power systems, and other fields due
to its exceptional disturbance suppression capability. However,
ADRC employs a nonlinear function with numerous parameters
that are difficult to set, making its stability challenging to ana-
lyze. GAO [11] introduced linear active disturbance rejection
control (LADRC), which uniformly configures the parameters
of the extended state observer and controller based on their re-
spective bandwidths. This greatly reduces the difficulty of pa-
rameter setting while ensuring system stability.

Based on LADRC technology, this paper presents the con-
struction of a three-unit 8/4 wide-rotor BSRM control system.
The Torque Sharing Function (TSF) control strategy is em-
ployed in the torque section to mitigate torque ripple, while the
suspension part utilizes Suspension Current Pulse Width Mod-
ulation Control (SCPWM) to enhance rotor suspension accu-
racy. Through simulation, it is demonstrated that the LADRC
controller outperforms the traditional PID controller in distur-
bance suppression.

2. STRUCTURE AND MATHEMATICAL MODEL OF 8/4
WIDE-ROTOR BSRM

2.1. Ontology Structure and Working Principle

The BSRM structure of the three-unit 8/4 wide-rotor is illus-
trated in Figures 1 and 2. The motor consists of three 8/4 dou-
ble salient pole units, with the stator of the three double salient
pole units being precisely aligned axially. The rotor of the dou-
ble salient pole unit 3 and the rotor of the double salient pole

Double salient cell 1

Double salient cell 3 Double salient cell 2

FIGURE 2. Schematic diagram of the three-unit structure.

units 1 and 2 have a spatial dislocation of 22.5°. There are four
phases in the motor, with phase A and B windings distributed
on double salient pole units 1 and 2, while phase C and D wind-
ings are distributed on double salient pole unit 3. The windings
All, A21, A31, A41, BI11, B21, B31, B41 of double salient
unit 1 are connected in series with the windings A12, A22, A32,
A42,B12, B22, B32, B42 of double salient unit 2 respectively
to form phase A and phase B. The windings C1, C2, C3, and
C4 of double salient unit 2 form phase C. D1, D2, D3, and D4
form phase D. Each phase has four sets of windings which are
independently controlled.

Consistent with traditional SRM, the three-unit 8/4 wide-
rotor BSRM also adheres to the principle of “minimum reluc-
tance”, and its winding inductance curve is depicted in Figure 3.
Taking phase A as an example, when the inductor is positioned
in the rising region, relatively equal excitation of phase A gen-
erates torque; when the inductor is located in the upper flat top
region, asymmetric excitation of phase A generates suspension
force; when the inductor is situated in the falling region and
lower flat top region, suspension force is generated. There is
no current flowing through phase A winding. The exciting cur-
rent passes through phases A—C—B—D sequentially. During
rotor rotation, both torque and suspension can be independently
adjusted through partition control utilizing the motor’s special
structural characteristics. The working state of the winding
within one rotor angle period is presented in Table 1.

TABLE 1. Three unit 8/4 wide-rotor BSRM working status.

6 (deg) | 0~225 225~45 | 45~ 675 | 67.5~90
A torque suspension / /
B / / torque suspension
C / torque suspension /
D suspension / / torque

It is evident from Table 1 that the two phases are responsible
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for generating torque and suspension force respectively at any
given time. Additionally, as shown in Figure 2, the three-unit
structure distribution illustrates that the torque flux and suspen-
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FIGURE 3. Four-phase inductance curve.

sion flux circulate independently in different double salient pole
elements without interfering with each other. This indicates
that the magnetic flux path is independent. To control torque,
it is only necessary to adjust the magnitude of the winding ex-
citation current in the double salient pole unit responsible for
generating torque. Similarly, controlling suspension force only
requires adjusting the size of the suspension excitation current
in the double salient pole unit responsible for providing suspen-
sion force. As a result, independent control of both torque and
suspension force can be achieved [12].

Based on the winding connection mode of the three-unit 8/4
wide-rotor BSRM and the analysis presented in Table 1, it is
evident that during a rotor Angle period, torque is generated by
double salient pole elements 1 and 2 located at the front and
rear, respectively, when the rotor position Angle ranges from
0° to 22.5° and from 45° to 67.5°. Additionally, suspension
force is produced by double salient pole element 3 situated in
the middle. Conversely, when the rotor position Angle falls
within the range of 22.5° to 45° and from 67.5° to 90°, torque
is generated by double salient pole unit 3 while suspension force
is produced by double salient pole units 1 and 2. Therefore, this
three-unit structure ensures a balanced axial distribution of both
torque and suspension force during operation.

2.2. Mathematical Model

The mathematical model of the torque system is established us-
ing the table lookup method. The winding phase voltage bal-
ance equation is as follows:
. dy , di ~ .dL
U—Rz—i—E—RZ—FL%—HE
where U is the winding terminal voltage, R the phase resis-
tance, ¢ the phase current, ¥ the phase winding flux, and L the
phase winding inductance.

Inductance L and torque 7" are both nonlinear functions of
current ¢ and rotor position angle 6. Therefore, the data curves
for torque and inductance with respect to current and rotor posi-
tion angle are obtained through finite element simulation. The
inductance table look-up module and torque table look-up mod-
ule are built from the finite element simulation data in Figure 4
and Figure 5, respectively.

(M
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FIGURE 4. Torque-Angle-Current curve.
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FIGURE 5. Inductance- Angle-Current curve.

The torque excitation current is calculated according to
Equation (1) and the inductance table module, and the torque
is output through the excitation current and the rotor position
through the torque table module.

As illustrated in Figure 6, the suspension force of the three-
unit 8/4 wide-rotor BSRM is divided into x and y directions
(the directions indicated by the coordinate axes in the figure
are all positive). Since the principle of the suspension force in
2 and y directions is identical, the mathematical model is de-
rived using the x direction as an example. The suspension force
is generated by both the bias magnetic field and control mag-
netic field. The bias magnetic field is produced by continuous
torque current, while the control magnetic field is generated by
suspension control current. The equivalent magnetic circuit of
the bias magnetic field and control magnetic field can be seen
in Figure 7 and Figure 8, respectively, where N is the number
of winding turns on each stator tooth, R the air gap reluctance,
im the bias current, i, the control current, ¢ the bias flux, and
©. the control flux.

If the motor rotor produces a displacement eccentricity of
magnitude z in the z-direction, then the bias fluxes of z and
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FIGURE 7. Bias field equivalent magnetic circuit.

x_ directions are:

d) _ Nim _ Nip _ poSNipm
mz+ Rt gFzg g+zo
noS (2)
d) — Nim _ Nip _ poSNim
me— R, — g—zqg g—xo
noS

where 1 is the vacuum permeability, g the air gap length, and
S the stator pole arc area.
The control flux generated by the suspension control current
is:
2N icw - Mo SN ic

¢cm+ - ¢cw— - Rm+ +Rx— - g

3)

Then the total magnetic fluxes in the x direction and the z_
directions are:

{ ¢x+ = ¢mm+ + ¢cz+ (4)

¢w— = (bma:— - ¢cw—

According to Maxwell stress method [13], the suspension
force generated at = degrees of freedom is:

2+ 2
_ T _ Ya— 5
2105 2108 ©)

By substituting Equations (2) ~ (4) into Equation (5), the
mathematical model of the three-element 8/4 wide rotor BSRM
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FIGURE 8. Control field equivalent magnetic circuit.

suspension system is calculated as follows:

F= 2MOSN2me (Z B x[)im >

(6)

9> =5 \g 9°—a3
By linearizing the rotor balance position and ignoring infinitely
small quantities above the second order, we can obtain:

where k; is the current stiffness coefficient, and &, is the dis-

placement stiffness coefficient, both of which can be expressed
by the motor structure parameters and winding current.

k _ 2#05N2’L-m
i = g2 ]
b — _QILOSZKNzifn ®)
x gd

Based on the operational principle of the three-unit 8/4 wide-
rotor BSRM and the analysis of Equations (7) and (8), it is evi-
dent that although the torque flux and suspension flux paths of
the motor do not coexist simultaneously within the body struc-
ture, and both torque and suspension force can be controlled
independently, there is a continuous decline in torque current
i, When each phase switches from the torque phase to the sus-
pension phase. The current stiffness coefficient and displace-
ment stiffness coefficient also continue to change. In order to
generate a stable suspension force, the suspension control cur-
rent needs to be calculated in reverse according to the changing
stiffness coefficient. The above is the weak coupling effect of
torque current on the suspension system.

3. TSF AND SCPWM CONTROL STRATEGY

The body structure of the three-unit 8/4 wide-rotor BSRM is
unique. According to the analysis of its operation principle, the
torque and suspension force are generated by different motor
units simultaneously, allowing for independent control similar
to traditional SRM and AMB systems. However, the use of
switching power supply and a double salient pole structure re-
sults in significant torque and suspension force pulsations. In
order to effectively reduce these pulsations, a TSF control strat-
egy is adopted for the torque part, and a PWM control strategy
is adopted for the suspension part.

3.1. TSF Control Strategy

The torque output of the three-unit 8/4 wide-rotor BSRM is di-
vided into single-phase on-zone and commutation overlap zone.
In the single-phase on-zone, each phase outputs torque sepa-
rately, while in the commutation overlap zone, the demagne-
tization phase and excitation phase jointly output torque. The
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FIGURE 9. TSF curve.

core control idea of TSF is to allocate the corresponding given
torque to each phase in both zones based on a predesigned func-
tion. The power circuit driven by PWM modulation ensures
that the actual torque tracks the given value, thus ensuring sta-
ble torque output [14]. The specific control process involves
several modules: proportional-integral (PI) controller calcu-
lates the total reference torque based on the error between the
given speed and actual speed. Torque distribution module al-
locates the given torque to each phase according to reference
torque and rotor position. Torque lookup module outputs actual
torque for each phase based on rotor position and phase cur-
rent. PWM modulation module calculates error between refer-
ence and actual torques for each phase, then combined with set
carrier output corresponding switching signal controls power
switch tube to adjust torque. Overall, these processes ensure
precise control over the allocation of torque in different operat-
ing zones of BSRM, contributing to stable performance as re-
quired in academic research papers.

Figure 9 illustrates the TSF curve, which is divided into two
zones: the commutation overlap zone and single-phase on-pass
zone. In the single-phase on-pass zone, the function value is
consistently 1. In the commutation overlap zone, both the de-
magnetization phase and excitation phase functions change ac-
cording to specific rules. The sum of function values for each
phase at any given time is always 1, satisfying the following
condition

Xn: fe(0) =1
=1

= ©
0<fr(0) <1
where n is the number of motor phases, and f () is the torque
sharing function value of the k phase.
The common TSF expression is as follows:

0 0<0<0on
frise(e) eon S 9 < eon + 901}
fr(@) =<1 Oon + 000 < 0 < Oy (10)
ffall(a) 9(?[7 <b< 9(1[7+ 0o
0 Oy + 000 <O <7
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where f.;s is the excitation phase TSF; fq;; is the demagneti-
zation phase TSF; 0,,,, 0,5, and 8, are the opening angle, turn-
off angle, and commutation overlap angle, respectively; and 7
is the rotor angle period.

A well-designed function form is essential for the motor con-
trol system. Based on the different function curves of commu-
tation overlap area shown in Figure 10, commonly used func-
tions are mainly categorized into four types: linear, sinusoidal,
exponential, and cubic ones.

Combined with the research background, the sinusoidal TSF
with a wider speed range and lower copper consumption was
ultimately chosen [15].

The torque ripple of the switched reluctance motor is more
pronounced in the two-phase commutation zone. As shown
in Figure 9, the TSF control strategy allocates corresponding
torque to the excitation phase and demagnetization phase re-
spectively in the commutation zone, and the demagnetization
phase torque drops to 0 at the end of the commutation overlap
zone. The excitation sequence of the three-element 8/4 wide
rotor BSRM is A—C—B—D. The commutation process of A
and C is used as an example. As shown in Figure 11, interval I
is the commutation overlap area of A and C, and interval II is
the single-phase on-off area of C. When the motor rotates to the
starting point of interval I, phase A begins to be the demagneti-
zation phase, and phase C is turned on as the excitation phase.
The given torque of phase A begins to decline according to the
sine law, and the inductance change rate of phase A is positive
and constant before the maximum inductance value. Therefore,
under the action of the inner loop torque error PWM modula-
tion module, the A-phase current will continue to decrease until
the rotor rotates to the end of interval I (the maximum A-phase
inductance); the phase commutation process ends; the A-phase
torque current drops to 0; and the A-phase inductance then en-
ters the upper flat top region as A suspended phase, at which
time the suspension force is only generated by the suspension
current in the radial relative stator winding. The weak coupling
effect of the torque current on the suspension system is elimi-
nated because it is independent of the torque current continuity.
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FIGURE 11. The configuration of the end point of commutation overlap area.

3.2. Suspension Current PWM Control Strategy

The suspension force is primarily generated by the radial mag-
netic pull resulting from the different suspension currents in the
radial relative to the stator windings. In contrast to permanent
magnet biased magnetic bearings, the three-unit 8/4 wide-rotor
BSRM body structure does not rely on a permanent magnet to
provide a bias magnetic field. Therefore, the bias current must
be calculated based on extreme working conditions, as illus-
trated in Figure 11. Taking into account the requirement for the
motor to output a maximum suspension force of 100 N under
heavy load, a final bias current of 4 A is determined through
simulation and analysis with an appropriate margin.

The core control idea of the suspension current PWM con-
trol strategy is to adjust the radial relative suspension winding
current by superposition and cancellation of the control current
and bias current, respectively, in order to generate unbalanced
magnetic pull. Taking x degrees of freedom as an example, the
specific control process is as follows: The displacement sensor
detects the rotor displacement in real time. The PID controller
outputs the error between the actual rotor displacement and the
given displacement, which then determines the given suspen-
sion current of the radial relative suspension winding after cal-
culating the control current and bias current. The inner loop PI
controller generates an error between the actual current detected
by the current sensor and its given value. The driving signal of
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the output power converter adjusts with PWM triangle carrier to
ensure stable output of suspension force. Control processes for
other degrees of freedom are similar to those described above.

In summary, Figure 13 illustrates the three-unit 8/4 wide-
rotor BSRM control system.

4. TORQUE AND SUSPENSION FORCE ADRC CON-
TROLLER DESIGN

The operation of the motor is often affected by internal param-
eter perturbation and external disturbance. The traditional PID
controller has poor anti-disturbance performance, leading to a
deterioration in control performance. In order to address this
issue, Active Disturbance Rejection Control (ADRC) technol-
ogy is introduced. LADRC controller is used to replace the ro-
tational speed outer loop PI controller and displacement outer
loop PID controller in Figure 12 to improve the anti-disturbance
performance of the control system.

4.1. Basic Structure of ADRC

Taking the 2nd-order ADRC as an example, as illustrated in
Figure 14, the Linear ADRC comprises three components: Lin-
ear Tracking Differentiator (LTD), Linear State Error Feedback
(LSEF), and Linear Extended State Observer (LESO).

WWwWw.jpier.org
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The purpose of LTD is to rapidly track the input reference
signal and the differential of the output reference in order to
complete the transition process. This effectively resolves the
conflict between the speed and overshoot of traditional PID
controllers [9]. The core component LESO can monitor each
state variable and total disturbance in real time based on sys-
tem control quantity and output [17]. The output errors of LTD
and LESO, combined with total disturbance observations after
LESF operation, form the system control quantity. As a result,
the controlled object is simplified into a series integrator form.

4.2. Design of Torque ADRC Controller

The mechanical motion equation of the rotor is:

Te:J%—ka—&—TL (11)

where T is the electromagnetic torque, ./ the moment of inertia,
D the viscous friction coefficient, and 77, the load torque.
Convert to total disturbance form:

W =bru+f (12)

In the formula, by = 1/J, u = T, total disturbance f =
(Dw + Tr)/J, state variable z; = w, extended state variable
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x9 = f. Convert to state space equation form:

{x:Ax+Bu—|—Eh (13)

y=0Cx

In the equation, the state matrix and total perturbation differ-
ential term are shown in Equation (14):

X:[Q?l LL‘Q]T
0 1
=100
B:EbT 0]" (14)
C=[1 0]
E=[0 1]
h=f

The torque ADRC controller is designed according to the
above formula, where the first-order tracking differentiator is:

{ €1 = W1 — Wref (15)

dJl = —Trexy
The second order extended state observer is:

€y =21 — W
21 = Z2 — 6162 + bu
Zo = —faes

(16)

The linear state error feedback control law is:

e=Ww; — 21
ug = ke
u=ug— 22/b

amn

where w; is the tracking value output by the first-order linear
tracking differentiator; w;.. ¢ is the given speed of the motor; r
is the tracking factor; w is the actual speed of the motor; z; and
zo are respectively the observed value of the actual speed of the
motor and the total disturbance during operation; and 5 and (35
are the error gain of the second-order extended state observer.
k is the gain of the linear state error feedback control law.

4.3. Design of Suspension Force ADRC Controller

As shown in Figure 11, the bias current of the suspension part
is set to 4 A. The mathematical model of the suspension force
can be derived again according to the Maxwell stress method.

F = ];JZ’LC + ]:)xxo
~ 2

ki = A (18)
]’%aj - - 16#;51\[2

Considering the disturbance caused by the rotor suspension
process, it can be obtained:

F = kjio + kyxo = mi + d (19)
Convert to total disturbance form:
i=bpu+ f (20)
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In the equation, by = k; /m, u = i, total disturbance f =
(kzxo — d)/m, state variables x1 and x5 are respectively rotor
displacement and velocity. Expanded state variable z3 is the
total disturbance, and Equation (20) is converted into the form
of state-space equation:

{X:§x+l§u+ﬁﬁ @
y=0Cx

The state matrix and total perturbation differential term are
shown in Equation (22):

o
Il

' 8

w
4

>t
I
1
OO

II_l
-

(22)

(@l
I

=~1}

I
© com O ocoo B
© oro g cory
[\v}

= oo o

—

S
I
o

The displacement control objective is that the rotor is stably
suspended in the equilibrium position. The reference input is
the rotor eccentricity distance 0, which is a constant signal, and
its differential is also a constant signal, so there is no need for
the LTD module to generate the transition process and differen-
tial signal of the reference input. The third-order extended state
observer is:

e=z1—-Y
2 = Z — ZZ + bu (23)
23 = —lze
The linear error feedback control law is:
e =v1—2
€2 = V2 — 22 4)

ug = kieq + kaea
u=1ug— 23/b

where v is the reference input signal, and vs is the differential
signal of the reference input. [y, lo, I3 are the error gain of
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TABLE 2. Three-unit 8/4 wide-rotor BSRM simulation parameters.
Argument value Argument value
Rotor inner diameter/mm 20 Stator pole arc/deg 24
Rotor yoke thickness/mm 10 Number of turns 37
Rotor tooth length/mm 10 Motor unit 1 length/mm | 27.5
Air gap length/mm 0.5 Motor unit 2 length/mm | 27.5
Stator tooth length/mm 25 Motor unit 3 length/mm 55
Stator yoke thickness/mm 10 Rotor mass/kg 5
Rotor pole arc/deg 48 DC voltage/V 220
the third-order extended state observer, and k1, ko are the gain follows:
coefficients of the linear error feedback control law.
61 = 2WT o
B2 = wi, (25)
4.4. Parameter Tuning k= wre

According to the design process of the ADRC controller above,
five parameters of the speed controller, including tracking fac-
tor r, second-order LESO error gain 31 and (2, control quantity
gain by, and LSEF error gain k, need to be adjusted. In the dis-
placement controller, six parameters of third-order LESO error
gain l1, s, [3, control gain by, and LSEF error gain k4, k2 need
to be adjusted. Among them, by and b can be calculated by
the structural parameters of the motor, so only the remaining 9
parameters need to be adjusted.

The larger the tracking factor r is, the faster the tracking
speed of the reference signal will be, but it should not be too
large; otherwise it will cause the tracking signal to oscillate
[16]. According to [11], in order to ensure system stability and
simplify parameter adjustment, the poles of LESO and LSEF
are assigned at —w, and —w, on the left half real axis of the
complex plane, respectively. The specific configurations are as
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where wr, and wr, are the observer bandwidth and controller
bandwidth of the torque ADRC controller respectively.

ll = 3wF0

lg = 30.)%-'0

I3 = wd, (26)
kil = w%o

sz = QWFC

In Equations (25) and (26), wr, and wp, are the observer
bandwidth and controller bandwidth of the suspension force
ADRC controller, respectively.

5. SIMULATION RESULTS

The simulation parameters of the three-unit 8/4 wide-rotor
BSRM are shown in Table 2.
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FIGURE 17. Phase torque and phase current relationship.

Current chopper control (CCC) is a traditional torque control
strategy. Given a speed of 3000 r/min and load torque of 2 Nm,
the torque ripple suppression effects of CCC and TSF control
strategies are compared. Define the torque ripple coefficient:

Tmax - Tmin
x 100%

Trip = T
ave

@7

where Tiax, Tmin, and T, are the maximum, minimum, and
average values of torque, respectively.

Figure 15 shows that under the same working conditions, the
torque ripple suppression effect of TSF control strategy is sig-
nificantly better than that of the traditional CCC control strat-
egy. The torque ripple coefficient is quantitatively calculated,
and T}.;;, = 41.2% under CCC mode, while T}.;;, = 29.6% un-
der TSF mode, a relative reduction of 28.2%.

Figure 16 shows the torque current waveform under the two
control modes. The turn-on angle of SRM is generally set in the
lower flat top area of the inductor, and the inductance change
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Time(s)

FIGURE 18. Rotor position Angle and winding current relationship.

rate is low. In the traditional CCC mode, only the current is
controlled, but when the rotor is rotated to the turn-on angle,
a large current is needed to quickly track the given torque, so
there is a certain current spike, which increases the operating
loss. However, in the TSF mode, the given torque of the exci-
tation phase rises according to the sine law, and a small current
can track the given torque, so the current peak is smaller, and
the operating loss is relatively lower.

To solve the problem of weak coupling of torque current to
suspension force, the end point of commutation overlap area is
set at the maximum inductance value. Taking phase A as an
example, the simulation results according to this scheme are
shown in Figure 17 and Figure 18.

Figure 17 shows that the phase torque drops to 0 at the same
time as the phase current. The analysis shows that the linear
model of the torque of the switched reluctance motor is as fol-
lows:

1 dL

-7-'2
T.=g 2pi (28)
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When phase A ends single-phase conduction and enters the imum inductance, the inductance change rate is not 0, so under
commutation overlap area, the given torque of phase A begins the action of PWM modulation, the torque current decreases un-

to decline according to the sine law. Before reaching the max-
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FIGURE 22. Comparison of rotor displacement under different con-
trollers with abrupt radial disturbance.

til the maximum inductance is reached. At this time, the given
torque decreases to 0.

The position at which the rotor tooth pole axis is aligned is
0°. According to Table 2 and Figure 18, it can be seen that the
torque current of phase A is exactly at the rotor position Angle
of 78°, that is, the inductance maximum value drops to 0. After
switching to the suspended phase, the suspension force is com-
pletely generated by the control current of the radial relative
winding and has nothing to do with the continuity of the torque
current. In order to verify the effectiveness of rotor lifting and
suspension current PWM strategy, the suspension force control
system is rebuilt according to Equation (19), and the simulation
results are shown in Figure 19.

In Figure 19, simulation results show that the suspension cur-
rent PWM control can make the rotor float stably, with a maxi-
mum displacement of 8 x 17° m, and return to the equilibrium
state after about 0.16 s. During stable operation, there is a fluc-
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tuation of 4 x 10~8 m, with good suspension accuracy, which
verifies the correctness of the mathematical model and the sup-
pression effect of the suspension force pulsation of the adopted
control strategy.

The design of the above control system is based on the tradi-
tional PID controller, and the suppression effect of the external
disturbance is limited. Therefore, the ADRC controller is used
to replace the traditional PID controller, and the simulation is
compared under the same working conditions. The suppression
abilities of traditional PID controller and LADRC controller for
sudden load disturbance and radial external force disturbance
are compared and analyzed in terms of torque and suspension.

The load torque at 0.5 s changes sharply from 2 Nm to 5 Nm.
In Figure 20, the simulation results show that PID controller is
used to restore steady state at 0.6 s, and the speed decreases by
15 r/min, while LADRC controller is used to restore steady state
at 0.52s; the speed decreases by 3 r/min; the response time is
relatively increased by 80%; and the speed decline is relatively
reduced by 80%. Therefore, in the torque control system, com-
pared with the traditional PID controller, LADRC controller
has a stronger ability to suppress external interference.

As shown in Figure 21 and Figure 22, when external force
is applied abruptly in the radial direction, the variation law of
the suspension current of the radial relative winding of different
controllers is consistent, and the control current and bias current
are superimposed and offset each other to perform asymmet-
ric excitation of the winding. PID controller is used to restore
steady state at 0.4 s, and the maximum rotor displacement is
1.5 x 10~°> m. LADRC controller is used to restore steady state
at 0.24 s; the maximum rotor displacement is 1 x 1075 m; the
response time is reduced by 80%; and the maximum rotor dis-
placement is 33.3% lower. Therefore, in the suspension con-
trol system, compared with the traditional PID controller, the
LADRC controller has a stronger ability to suppress the exter-
nal interference.
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6. CONCLUSION

In this paper, a novel three-unit 8/4 wide-rotor BSRM is pro-
posed. Its unique body structure significantly reduces the cou-
pling of torque and suspension force. Additionally, to address
the torque ripple and suspension force pulsation caused by the
switching power supply and double salient pole structure of the
motor, a torque sharing function and suspension current PWM
control strategy are employed to suppress the pulsations. The
torque sharing function is utilized to resolve the weak coupling
problem between torque current and current stiffness coeffi-
cient as well as displacement stiffness coefficient when each
phase switches from torque phase to suspension phase. Fur-
thermore, in order to enhance the anti-disturbance performance
of the motor, an ADRC controller is introduced to demonstrate
its superiority in disturbance suppression compared with tra-
ditional PID controller. However, the suspension force con-
trol system in this paper only aims to suppress the suspension
force ripple, but according to the inductance curve of the three-
element 8/4 wide rotor BSRM, the inductance enters the de-
scent zone immediately after the end of the upper flat top zone,
and if there is still current in the winding at this time, negative
torque will be generated and the torque ripple increased. There-
fore, based on the suspension current PWM control system, it
is planned to further analyze the variation law of the suspen-
sion force during the two-phase exchange operation, so as to
suppress the suspension force pulsation and avoid the negative
torque.
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