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An Improved Direct Torque Control for a
Single-Winding Bearingless Switched
Reluctance Motor

Zhenyang Hao, Qiang Yu, Xin Cao, Member, IEEE, Xu Deng, Xiang Shen

Abstract—The direct torque control (DTC) and direct force
control (DFC) method were introduced to reduce the torque and
levitation force ripple in single-winding bearingless switched
reluctance motors (SWBSRMs). However, it still has some
disadvantages. Firstly, the flux-linkage control is not suitable for
the DTC method in SWBSRMSs. On the one hand, it can increase
the torque ripple. On the other hand, the RMS current can be
increased and then the torque-ampere ratio is decreased. Secondly,
the vectors selection is also unreasonable, which can increase the
torque ripple further. In order to solve these problems, an
improved control method based on DTC and DFC method for
SWBSRMs is proposed in this paper, which can obtain high
torque-ampere ratio and low torque ripple simultaneously. In the
proposed method, the flux-linkage loop control is not needed and
the space voltage vector table is improved. The experimental
results show that the torque ripple is reduced by 66.7%, the
torque-ampere ratio is increased by 200% and the switching times
in one electrical period are reduced by 47.3%.

Index Terms—single-winding bearingless switched reluctance
motor, direct torque control, direct force control, torque ripple,
torque-ampere ratio.

NOMENCLATURE

0 Rotor angular position.

Osr Angle between stator and rotor flux linkage.
ia1-ias  Winding currents of phase A in BSRMs.

Ta Instantaneous torque of phase A.

F., Fs Radial forces on the direction of a-axis and p-axis,
respectively.

po Number of rotor poles.

Lm Mutual inductance.

Ls, Lr Stator and rotor inductances amplitude, respectively.

¥, %, Stator and rotor flux-linkage amplitude, respectively.

o Leakage inductance coefficient.
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is Current of stator winding in SRMs.

c Constant 1.01.

h Lamination length of the iron core.

lo Air-gap length between the stator and rotor poles.
Ns Number of winding turns.

r Radius of rotor.

1o Permeability of vacuum.

I. INTRODUCTION

N last decades, switched reluctance motors (SRMs) have

obtained more and more attention from the worldwide
industry due to its particular characteristics with centralized
windings mounted on stator poles and no winding or permanent
magnets on rotor pole [1-2]. Therefore, SRMs have the
advantages of robust structure, low cost and great fault-
tolerance capability [3-4]. However, some shortcomings also
restrict its application, such as large torque ripple, vibration,
noise, etc., which makes SRMs impossible to be used in high-
speed applications [5-6].

In order to solve these problems above, scholars from
different countries have focused on SRMs. Recently,
bearingless motor technology is developed gradually due to its
advantages of no friction between the mechanical bearing and
rotor shaft. Thus, motors can operate under the high-speed
application by utilizing bearingless motor technology. Based on
these superiorities, bearingless switched reluctance motor
(BSRM) is proposed accordingly, which can make the rotor
rotate and levitate at the same time [7-9]. Then the friction
between mechanical bearing and rotor shaft can be reduced
obviously and the motor can obtain higher speed.

According to the number of windings on the stator poles,
BSRMs can be divided into two types, i.e. dual-winding
BSRMs and single-winding BSRMs. Dual-winding BSRMs
were firstly proposed in the 1990s by Japanese scholars. There
are two windings mounted on each stator pole. One is called
main winding, which is used to generate a bias magnetic field.
The other is called levitation winding, which is utilized to
unbalance the original magnetic field to obtain the levitation
force [10-12]. After that, single-winding BSRMs were
proposed to simplify the winding configuration [13-15]. There
is only one winding on each stator pole, and the torque and
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levitation force are controlled by adjusting each winding
current only, thus the current algorithm should be designed
reasonably.

There are two control objects in BSRMs, i.e. torque and
levitation force. In [16], the average torque and instantaneous
levitation force are controlled. The torque is regulated by
square-wave current and advanced angle. The levitation current
is calculated by the reference levitation force, square-wave
current and rotor angular position. This method makes the shaft
rotate and levitate smoothly. In order to achieve the decoupling
of torque and levitation force, an independent control strategy
is proposed in [17]. The current-conduction region is extended
to the negative-torque region in this method, which makes the
average torque zero in the levitation region. Therefore, this
strategy can regulate the torque and levitation force
independently. However, the control strategies above are based
on winding current, and there still exist large torque and
levitation force ripple, which is not beneficial to motor
operation.

Afterwards, owing to the superiority of direct torque control
(DTC) method for SRMs, an advanced method named DTC and
direct force control (DFC) for BSRMs was proposed
accordingly [18-19]. The torque and levitation force are
selected as control objects, and the hysteresis-loop controller is
adopted to make the torque and levitation force controlled
within the hysteresis-loop width [20-21]. However, the winding
current is conducted in the negative-torque region, which
reduces the total output torque. Then the effective value of
current will increase and torque-ampere ratio will decrease. In
[22], another control strategy named direct instantaneous torque
control (DITC) was developed. This strategy takes the
instantaneous torque as the control object and adopts the
hysteresis-loop controller as well.

In order to reduce the negative torque generated and increase
the torque-ampere ratio in single-winding BSRMs, this paper
develops an improved method based on direct torque control
(DTC). Different from the conventional DTC method in [18],
this method removes the flux-linkage loop control and
improves the space voltage vector table to make vectors
allocation more reasonable.

The rest of paper is organized as follows. Firstly, the
levitation principle of SWBSRMs and mathematical models are
illustrated in Section I1-A. Secondly, the conventional DTC and
DFC method is introduced briefly in Section I1-B. Moreover,
the improved voltage vector tables and the principle of vector
selection are also demonstrated in Section Il. After that, the

implementation procedures and control block are also presented.

The simulation and experimental results are shown in Section
I11 and the conclusions are made in Section IV.

Il. PROPOSED METHOD FOR SWBSRM

A. Operation Principle of SWBSRMs

As shown in Fig. 1, the structure of the single-winding
BSRMs are identical to that of the conventional SRMs. It
consists of twelve stator poles and eight rotor poles. Only one
excitation winding is embedded on each stator pole and there

are no windings on rotor poles. For example, four coils of phase
A are conducted with different currents, which can produce
different magnetic flux density in four air gaps. If the magnetic
flux density in air-gap 1 is larger than that in air-gap 3, the radial
force can be generated along the positive direction of a-axis.
Similarly, if the magnetic flux density in air-gap 2 is larger than
that in air-gap 4, the radial force can be generated along the
positive direction of the B-axis. The principle of levitation force
generated by phases B and C is the same as that of phase A.
Differently, due to the location of phases B and C, the force of
two phases should be transformed into a coordinate system of
phase A. Therefore, radial forces towards any directions can be
obtained by regulating four coil currents of per phase.

Air-gap 2

Air-gap 1

Air-gap 4

Fig. 1. The structure of 12/8 SWBSRM.

In a single-winding BSRM, there are two control objects, i.e.
torque and levitation force. Stable torque makes rotor rotate
continuously and stable levitation force makes the rotor
suspend smoothly. Hence, in order to analyze the relationship
between two variables reasonable, the accurate mathematical
models of them are necessary. The virtual-work method is
adopted to establish the models below.

Assuming that the influences of leakage inductance and
magnetic saturation are ignored. The expressions of torque and
levitation force with regard to four coil currents of each phase
are obtained in [23]. Due to four coil currents in the expressions,
it will increase the difficulty of control certainly. Therefore,
taking phase A as an example, four coil currents of phase A can
be simplified as

ia =(ia+ia3) 2=(ixxFiaa)/2, D
Aia1:|ial'ia3|/2y (2)
A1.112:|ia2'ia4|/2~ (3)

Where, i," is the average excitation current of phase A, Aia
and Aix are current difference along a-axis and p-axis
respectively. As derived in [23], the expressions of torque and
levitation force can be written as

T,=3,(0)(2i; +Ai%, +A1Z,) @)
F, =4K, (0)iAi,, )
F, = 4K, (9)iAi,. (6)

Where, the torque coefficient J(0) and levitation force
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coefficient Ks(d) can be expressed as
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B. Conventional DTC and DFC Method Compared in this
Paper

In order to reduce the torque and levitation force ripple, a
simple method called direct torque control (DTC) and direct
force control (DFC) was proposed in [19]. DTC method in
SWBSRMs is similar to that in conventional SRMs, as shown
in Fig. 2. This method divides an electric angle of the rotor into
six sectors, i.e. N=1~6. There is only one space voltage vector
in each sector. Six voltage vectors v~ve are defined as three
kinds of different voltage states, as shown in Fig. 3. State “1”
represents that two switches Qi, Q2 both turn on, and the
winding voltage is equal to bus voltage +Uqs; State “0”
represents that Q, turns on and Q, turns off, and the winding
voltage is zero. State “-1”” means that two switches Qi, Q2 both
turn off, and the winding voltage is -Ukqc.

Similarly, the control objects of DTC for SWBSRM are
torque and magnetic flux as well. Three-phase composed
magnetic flux is firstly calculated by voltage vectors, then it
should be transformed into the a-f reference frame. Finally, the
amplitude and angle of magnetic flux can be obtained as [19].
The sector is determined by magnetic flux angle J. The specific
selection process of voltage vectors was demonstrated in [19].

Phase B Phase C
() N=2 (-)

w0, 1-1)

Phase A
()

Phase C  N=5  Phase B
() )
Fig. 2. Definition of space voltage vectors in SWBSRMs.

D1 Q£| Dl

(b) ©

Fig. 3. Switching states of power converter:(a) “+”. (b) “0”. (c) “-”.

Due to separate excitation of four coils on each phase poles,
the voltage vector should be distributed into each coil. Because

the levitation coefficient is large in the inductance region [-7.5<
7.59, the control region for DFC can be selected in this region.
The equivalent voltage vector for DTC and DFC in SWBSRMs
is illustrated in Fig. 4. The different equivalent vectors of each
phase refer to different switching states [19]. It is worth noting
that four poles voltage symbols of each phase must be equal to
the original phase voltage symbol after being combined.

The principle of composition is shown in Table I. For
example, if the voltage vector of three phases is determined as
v (1, -1, 0) according to DTC, and phase A needs to provide the
levitation force now, then the switching state of phase A can be
split into many states. When the required levitation force is
along the positive direction of a-axis or g-axis, i.e. F,>0 or Fg>
0, the switching state of phase A is defined as (1, 1, 0, 0). Since
phases B and C are not needed to provide levitation forces in
this region, their switching states of four coils keep the same
with their original voltage vectors. Therefore, vs (1, -1, 0) can
be transformed to ((1, 1, O, 0), (-1, -1, -1, -1), (O, O, O, 0)).
Similarly, other three-phase voltage vectors can also follow the
above procedures.

Phase B Phase C
44k N=2 4;#' T

Phase A < <<= \ »—»/—»——» Phase A
4 Yot 2 3+ 4
) : N=6
¥ \
Mar VT3 Wy
Phase C Phase B

Fig. 4. Equivalent voltage vector for DTC and DFC in SWBSRMs.

TABLE |
ADDITION RULE FOR SWITCHING STATES
Addition 1,1 1,-1 1,0 -1,-1 -1,0 0,0
Result 1 0 1 -1 -1 0

C. Removal of Flux-Linkage Loop

DTC method was firstly proposed and applied to Induction
Motors (IMs) [24]. It can control the torque and flux-linkage
amplitude respectively to simplify the implementation of the
control algorithm. Then the DTC method is applied to
permanent magnet synchronous motors (PMSMs) due to its
particular advantages. According to electromechanical energy
conversion, the generated motor torque can be expressed as

T. =P Lm
olLL,
Where, po represents the poles number; Ln represents the
mutual inductance; Ls and L, represent the stator and rotor
inductances respectively; ¢ represents the leakage inductance
coefficient; |¥| and |¥;| represent the stator and rotor flux-
linkage amplitude respectively; 6s represents the angle between
stator and rotor flux linkage. From (7), the electromagnetic
torque is related to the stator, rotor flux-linkage amplitude and
their phase angle. Two conclusions can be summarized as
below:
(@) Flux linkage stability is the premise of torque stability;

|lr//s||lr//r|5in esr : (7)
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(b) Torque increases as the flux angle increases between 0°

to 90°.

On the one hand, in IMs, the varying speed of rotor flux
linkage is much slower than that of stator flux linkage, thus the
rotor flux linkage can be seen as constant in one control period.
In PMSMs, the rotor flux-linkage amplitude is always the same
because there are only permanent magnets and no windings on
the rotor. Then the constant amplitude of stator flux-linkage
ensures the constant torque. That is to say, the stator flux
linkage must be controlled into a circle to guarantee the stability
of the torque for IMs and PMSMs. On the other hand, the
increase and decrease of torque depend on the angle & which is
between stator and rotor flux linkages. When the torque needs
to be increased, just the flux angle & is increased only. That
means that it needs to increase the rotating speed of the stator
flux linkage by implementing the reasonable vector.

However, the nature of generated torque in BSRMs is
different from IMs and PMSMs. The torque produced in
BSRMs and IMs are reluctance torque and electromagnetic
torque respectively. Thus the torque can be simply written as

RLAGIY ®)
00

Where, is represents the current of stator winding; ¥ (9, is)
represents stator flux linkage, which is related to rotor rotation
angular and stator winding current. The torque in BSRMs is
related to the movement velocity of stator flux linkage. Thus,
the constant flux linkage amplitude is not necessary to keep the
torque steady. In addition, the flux-linkage control can make the
currents conducted in the inductance-descending region, and
the torque-ampere ratio will be decreased. Finally, due to the
addition of flux-linkage control, the motor has one more control
object. Then the flux-linkage control can also disturb the
selection of vectors, and the selected vector is not the best one
to increase torque, which results in the increase of torque ripple.
On the other hand, vectors can be changed continuously in the
sector with the change of torque and flux-linkage. It results in
the increase of the switching times as well, and then the

switching loss is also increased.
Based on the analysis above, some disadvantages of the

constant flux-linkage control in BSRMs can be listed as follows.

(@ Flux-linkage amplitude is not helpful for torque control
of SRMs, and it will increase the burden of the
processor.

(b) The current is conducted in the inductance descending
region, which will increase the RMS current and
decrease the torque-ampere ratio.

(c) The additional flux-linkage loop is a disturbance for the
torque regulation, which can increase torque ripples.

(d) Finally, The flux linkage can also increase the switching
times, which increases the switching loss.

In summary, the constant flux-linkage control is not
necessary for DTC method in BSRMs. In order to simplify the
control algorithm, it should be removed. Then the control object
is torque only for DTC method in BSRMs.

D. Optimization of Voltage Vector for DTC method

The definition of original three-phase voltage vectors in
BSRMs are shown in Fig. 2. These voltage vectors can regulate
the produced torque steadily at the non-commutation moment,
but they are not necessarily at the commutation moment. For
example, when the stator-rotor relative position is shown in Fig.
5 shadowed part, the sector is turning from six to one, whose
inductance curves are also shown in Fig. 6. The voltage vector
is also changed from v1 (1, 0, -1) to v» (0, 1, -1) and the voltage
symbol of phase B turns from “0” to “1”, which has two
disadvantages. Firstly, when the rotor moves to sector five, the
voltage symbol of phase B is “-1” according to the vectors table.
Hence, “0” has no meaning to increase torque in sector six.
Secondly, after the sector becomes one, the current of phase-B
winding is increasing slowly from zero, which can result in
commutation torque ripples. Therefore, vi (1, 0, -1) in sector six
cannot produce the smallest torque ripple. Three-phase voltage
vectors should be improved.

ZXILON

Fig. 5. Stator-rotor relative position.

—
I

2251115 =75 10 175 115
T | |

I |
Fig. 6. Inductance curves of sector one and six.

Fig. 7 shows the definition of the improved voltage vectors
for DTC method when torque increases. Six vectors without
voltage symbol “0” are added to the original vectors compared
with that in Fig. 2, which reduces the torque ripple. For example,
when the rotor moves to the sector six, the voltage symbol of
phase B should select “1”. On the one hand, it increases torque
slightly. More importantly, it can shape current to reduce the
torque ripple when the rotor moves to sector one. Therefore, the
vector should select vg (1, 1, -1), not va (1, 0, -1). Then after the
rotor moves into the sector one, if the levitation force is not
considered, the phase-B winding should be excited to generate
positive torque. Thus the voltage symbol should be “1”. The
two switches of phase-A winding should turn off to avoid the
negative-torque generation, and its voltage symbol should be “-
17 accordingly. The phase-C inductance is located in the first
half of the bottom region, which cannot generate effective
torque. Therefore, the voltage symbol of phase-C winding is “-
1. According to the analysis above, the most suitable vector in
Fig. 7 is vg (-1, 1, -1). In contrast, if taking the levitation force
into account, the vector selection will have a little difference.
The selection principle of phase B and C is the same as above
because these two phases do not need to provide levitation force.
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The phase-A inductance is located in the upper half of the
descending region, which is one of the best regions to generate
levitation force. It is also considered that the negative torque
ought to be less. Hence the appropriate voltage symbol of phase
A is “0”. In summary, the most suitable vector considering the
levitation force is v» (0, 1, -1). When the rotor moves to other
sectors, the principle of vector selection is the same as well.

Vo(-1.1.-1) vg(l.1.-1)

Va(0,1,-1)

V3(-1,1,0) Vi(1.0.-1)

Vipl-1.1.1) <& P va(l.-1.-1)

V4(-1,0,1) Ve(1.-1.0)

V5(0.-1,1)

Vi-1.-1,1) Via(l.-1.1)

Fig. 7. Definition of the improved voltage vectors for DTC method when torque
increases.

The DTC theory above is applicable to the case of torque
increase. If the output torque needs to be decreased, there are
two approaches to achieve it. On the one hand, two switches
which belong to the phase in the inductance-ascending region
can be turned off. Then the winding current flows through the
two diodes. The voltage symbol is “-1” in this case. On the other
hand, two switches which belong to the phase in the inductance-
descending region can be turned on. Then current can flow
through the winding to generate the negative torque, thus the
average torque will be reduced. The voltage symbol is “1” in
this case accordingly. Obviously, the second method is to
reduce the torque by sacrificing the torque-ampere ratio. This
method is not reasonable. In other words, the voltage symbol
should not turn to “1” when the torque needs to be decreased.
Based on this case, all the voltage vectors shown in Fig. 7 does
not meet the requirement. The three-phase voltage vector table
needs to be redesigned for the torque decrease.

Fig. 8 shows the definition of the improved voltage vectors
for DTC when torque decreases. It adds -vo (-1, -1, -1) on the
basis of the vector table for conventional SRMs [25]. For
example, the rotor moves to the sector one. In SRMs, -v3 (-1, 0,
-1) can be selected to reduce the torque. However, this vector is
not suitable for BSRMs because BSRMs need to consider the
levitation force. The winding current cannot drop to zero during
the upper half of the descending region. Therefore, the voltage
symbol of phase A should select the voltage symbol “0” which
makes current drop slowly, not “-1”. At the same time, in order
to make the torque decrease quickly, the voltage symbol of
phase B also should select “-1”. Then the three-phase voltage
vector is -v1 (0, -1, -1). The analysis is the same when the rotor
rotates to other sectors. Fig. 9 shows the voltage-vector
selection region for the proposed method and conventional
DTC and DFC method. In order to reduce the negative torque,
the current is shut off in the region of (-37.5< -22.5< with the
proposed method. However, winding currents are conducted in
full cycle with the conventional DTC and DFC method, which
produces more negative torque.

Finally, the three-phase voltage vector selection rule for each
sector can be obtained, as shown in Table Il. The row of Table
represents the sector symbol N, where N is the value from 1 to
6. The column represents the signal of torque increasing or
decreasing. “T+” represents increasing torque and “T-”
represents decreasing torque respectively. Besides, the
selection of switching states for the proposed DTC and DFC
method is shown in Table Ill. For example, if the levitation
force is provided by phase-k winding at that time and the basic
voltage vector of it is “1”, and the direction of levitation force
is “F,>0, F3>07”, then the switching states of phase-k winding
can be transformed to (1, 1, 0, 0).

-V3(-1,0.-1) -¥5(0.0.-1)

N=2

N=3 N=1
SV-1.0.0) ¢ LD 01y
N=4 N=6
Vs-1-1.0y  N=5 ygi0.-1.0)

Fig. 8. Definition of the improved voltage vectors for DTC when torque
decreases.

I
-75 -60 -45 -30 -15

[l
0 I 15 o
|
Improved
DTC&DFC ! >
-75 -60 -45 -30 -15 0 15 ‘
Conventiona
DTC&DFC | ‘ N
I >
-75 -60 -45 -30 -15 U] 15 a

Fig. 9. Voltage-vector selection region for the proposed method and
conventional DTC and DFC method.

TABLE Il
VECTOR SELECTION RULE FOR PROPOSED DTC METHOD
SSectorN- 2 3 4 5 6
Signal
T+ V2 V1o Va V12 Ve Vg
T- -V -Vo -V3 -Vo -Vs -Vo

E. Analysis of the torque with proposed method

In order to verify the analysis above, some FEM simulations
are completed with the proposed method and conventional DTC
and DFC method.

Fig. 10 shows the FEM results of the torque with different
currents and rotor angles. The winding currents are conducted
from 0.2A to 1A, and the rotor angle is from -22.5°to 22.5< It
can be seen that the torque is proportional to the square of
current. In addition, the torque is positive when the region of
rotor angle is (-15< 0, and torque is negative when the region
of rotor angle is (0< 159. Fig. 11 shows the comparison of FEM
results and calculation results of torque when the current is 0.4A.
It can be seen that the calculation results through mathematical
models are almost the same as FEM results, which proves the
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TABLE Il
SELECTION OF SWITCHING STATES FOR PROPOSED DTC AND DFC METHOD

Basic voltage Direction of Switching states
vector levitation force

1 F.>0,F»>0 (1,1,0,0)

F.>0, Fs<0 (1,0,0,1)
1 F.<0, Fs>0 0,1,1,0)
1 F.<0, F4<0 0,0,1,1)
0 F.>0, F>0 1,1,-1,-1)
0 F.>0, Fs<0 1,-1,-1,1)
0 F.<0,Fs>0 (-1,1,1,-1)
0 F.<0, F4<0 (-1,-1,1,1)
1 F.>0, F>0 (0,0,-1,-1)
-1 F.>0, F4<0 0,-1,-1,0)
1 F.<0, Fz>0 (-1,0,0,-1)
1 F.<0, F4<0 (-1,-1,0,0)

accuracy of the mathematical models in Subsection I1-A.

Fig. 12 shows the comparison of phase-A torque with the
conventional and proposed method by FEM. The current data
of two methods is obtained by experimental waveforms, and
then are imported to Ansoft. Finally, the phase torque curve
produced by the corresponding currents is obtained. From Fig.
12, the positive and negative torques with the conventional
method are both larger than that with the proposed method. This

is because the RMS current of the conventional method is larger.

However, the average torques with two methods are identical.
Therefore, compared with the conventional method, the torque-
ampere ratio with the proposed method is larger.

60 - .

44
13131
T2l

Torque(mN- m)

22,5 -15 -7.5 0 1.5 15 22,5
Rotor Angle(®)

Fig. 10. FEM results on the torque with different currents and rotor angles.
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Fig. 11. Comparison of FEM results and calculation results of torque when the

current is 0.4A.

-22.5 -15

— Conventional method
15 — Proposed method

-22.5 -15 -7.5 0
Rotor Angle(®)

Fig. 12. Comparison of phase-A torque with the conventional and proposed
methods by FEM.

F. Implementation of the Proposed Method

In single-winding BSRMs, when the windings on the two
opposite poles are conducted with different currents, there will
generate different magnetic-flux densities in the air gaps. The
radial magnetic pull F, can be illustrated as [19]

2
F - S S (©)
o
Where, B represents the air-gap flux density between stator and
rotor poles; S represents the overlap area of stator and rotor
poles. Besides, the air-gap flux density B can also be written as

¥ L
- - = (10)
NS

NS
Where, ¥ represents the air-gap flux linkage; L represents the
inductance of stator winding; i represents the current of stator
winding. Then Substituting (10) into (9), (9) can also been
written as

2

P

2N, S
From (11), it can be seen that the radial magnetic pull F, is
proportional to the square of the winding current i. Therefore,
in order to generate the levitation force along the certain
direction, the stator pole windings on both sides of that direction
should be conducted with different currents. Then the radial
force along any certain direction can be expressed as

L2 . .
Frx = m (Irx12 - Irx32)'

(11)

(12)

Where, Fx represents the radial magnetic pull along any certain
direction; i1 and i represent the two pole windings currents
on both sides along that direction. Thus, three-phase voltage
vector should also be assigned to each pole coil through the
DFC method after it is achieved.

The principle of DFC for the proposed method is similar to
that for the conventional method, which is illustrated in
Subsection 11-B. However, one point is worth to be noted. In the
conventional DTC and DFC method, when the levitated phase
is changed from one to another, its windings are conducted with
currents. Due to the differences in hardware, four coil currents
of the same phase cannot be the same exactly, then the extra
levitation force will be generated. Contrarily, in the proposed
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Fig. 13. Control block of the proposed method.

method, four coil currents can be dropped to zero in the phase
commutation, which makes the levitation force generated by the
previous phase become zero. Then the composed levitation
force is generated only by one phase at any time. Therefore,
levitation force can be controlled more stably. The specific
implementation of the proposed method is concluded by three
steps.

(@) Firstly, the real torque and levitation force are estimated
respectively by (4) - (6). Then these hysteresis-loop
outputs can be obtained by comparing the reference and
the real values.

Then the sector is determined by checking the rotor
angular position. Three-phase voltage vectors are
selected by the improved DTC method in Table II.

Finally, the three-phase voltage vectors are assigned to
each pole winding by the DFC method. The levitation
force is produced by the phase which is located in [-7.5°,
7.5°]. Four winding-voltage symbols of that phase
needs to satisfy the rule shown in Table I, and the others
are consistent with their phases voltage symbols as well.

(b)

(©)

G. Control Block of the Proposed Method

Fig. 13 shows the control block of the proposed method.
Firstly, the rotor angular position is measured by photocouplers
and then the speed is calculated. The speed error is regulated by
PI controller to obtain the reference torque. The real torque is
estimated by currents and angular position. Afterwards, the
three-phase voltage vectors are selected through the improved
voltage vector table.

For the levitation control, the radial displacements along a-
and p-axes are measured by eddy-current sensors. The given
radial displacement values of o* and g* are always zero in
experiments to ensure that the real radial displacements of shaft
can be regulated around its geometric-center position. Then the
levitation forces F,* and Fg* are obtained by PID controllers.
The real levitation force is estimated by currents and angular
position as well. After that, the three-phase voltage vector is
divided into four coils of each phase according to the principle
of DFC. Finally, the switching symbols are obtained for the
power converter to excite the motor.

I1l. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the performance of the proposed method,
some simulations and experiments are carried out on a single-
winding BSRM prototype. The parameters of the prototype are
shown in Table V. The picture of the prototype and its control
circuits are shown in Fig. 14 (a). The control circuits include
the three-phase power converters, DSP controller, CPLD
controller, current and displacement sampling circuits, etc.
Among them, the power converter of each phase adopts the
asymmetric half-bridge circuit with four legs. The control
algorithm is programmed in Tl TMS320F2812 and Altera
EPM1270. The current is sampled by hall sensors and scaled by
regulation circuits, and then transferred to DSP. The
displacement signals are sampled by four eddy-current sensors.
The sensitivity of eddy-current sensors is 16V/mm. In addition,
the rotor angular position is detected by three photocouplers,
which can be used to calculate the motor speed.

The enlarged view of motor shaft and backup bearing are
shown in Fig. 14 (b). The backup bearing is utilized to prevent
collision between the stator and rotor. The average air-gap
length between shaft and backup bearing is 200 pwm, which is
less than the average air-gap length between stator and rotor, i.e.
250 pm.

™ DSP and CPLD
controller

converter

AT
(a)
C RN o u w
Eddy-current o
e Motor shaft

g ¥

m<

ﬁé

Backup bearmg
WS

(b)
Fig. 14. Platform of experimental prototype: (a) Control circuits and motor. (b)
Enlarged view of motor shaft and backup bearing.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

TABLE IV
PARAMETERS OF PROTOTYPE
Parameters Values
Number of stator poles 12
Number of rotor poles 8
Number of winding turns 60 turns
Rated power 0.5 kW

Rated current 5A
Rated voltage of the motor 100 V
Rated average radial force 50N
Arc angle of rotor and stator teeth 15°

Outside diameter of stator core 123 mm
Inside diameter of stator pole 54 mm
Radius of rotor pole 26.75 mm
Stack length lamination 55 mm
Average air-gap length between rotor and stator 0.25 mm
Average air-gap length between shaft and backup bearing 0.2 mm

A. Comparison of Simulation Results

The system simulation models with the conventional DTC
and DFC method and the proposed method have been built in
Matlab/Simulink, respectively, to verify the demonstrated

performance. The simulation parameters are listed in Table V.
TABLE V
SIMULATION PARAMETERS

Parameters Values
Reference speed 1000 r/min
Load torque INm
Radial force in a-axis 30N
Radial force in p-axis 40N
2.5 2.5
2H\—\-—. 2
E15 £15
£ £
g =1
0.5 0.5
5 10 15 20 25 30 % 5 10 15 20 25 30
t(ms) t (ms)

(a) (b)
Fig. 15. Simulation waveforms of torques: (a) Conventional DTC and DFC
method. (b) Proposed method.

1 1 1 1 1 1 1 1 1 1
00 5 10 (15 20 25 30 0 5 10 (15 20 25 30
t (ms) t(ms)

@ (b)

Fig. 16. Simulation waveforms of levitation forces in oa-axis: (a)
Conventional DTC and DFC method. (b) Proposed method.

Fig. 15 shows the waveforms of torque with two different
methods. Firstly, the electromagnetic torque reaches the limited
value, i.e. 2 N m, the motor speed begins to increase. When the
speed reaches 1000 r/min, the electromagnetic torque decrease

to be equal to the load torque. The torque ripples of the two
methods are 0.068N'm and 0.167N-m, respectively. Therefore,
the simulation results show that the torque ripple in the
proposed method is less than that in the conventional method.

Figs. 16 and 17 show the waveforms of levitation forces in
o- and S-axes with the two methods. It can be seen that the
levitation-force ripples in the proposed method are obviously
less than that in the conventional method.

50 50 T T
40 40 —
230 =30
=20 Ezo
10 10
0

1 1 1 1 1 0 1 1 1 1 1
0 5 10 15 20 25 30
t (s) 05 10, 15,20 25 30
(@) (b)
Fig. 17. Simulation waveforms of levitation forces in g-axis: (a) Conventional
DTC and DFC method. (b) Proposed method.

B. Steady-State Performance with the Proposed Method and
Conventional DTC and DFC Method

Fig. 18 shows the experimental waveforms of current, torque
and displacements at the speed of 1000 r/min when using two
different methods [19]. The torque is calculated by (4) and
outputted through a DA converter. On the one hand, the RMS
current is reduced. In the conventional method, the RMS
current is 369mA, yet the RMS current is 133mA in the
proposed method. Then the torque-ampere ratio is increased
with the proposed method. This is because the flux-linkage loop
is removed and the current for flux-linkage amplitude control is
none. On the other hand, it can be seen that the torque ripples
with the proposed method and conventional method are
0.002N'm and 0.006N-m, respectively. One reason is that the
flux-linkage loop is removed and the torque can be regulated
more precisely, the other is that the voltage vectors tables are
improved, and the commutation torque ripple is less with the
proposed method. In addition, the displacements along a- and
p-axes are similar with two methods in the experiment, and the
maximum displacements are both about 25 um.

T(O 02N m/dlv)

rmmw.‘.n},w \»memmmmmwmwlv‘w oy MM” 0
(00BN g(asumiaiy)
. T paosumidy) |
t(st/div)
(®
T T T T T T T ! j g
] : ial((l,SA/div) ]

T(0.02N ‘m/div)

e e auuz"-mw:::u-J etz errentfioend

0.002N'm % a(125um/div)
RSO i

t 2ms/div)

(b)
Fig. 18. Experimental waveforms of current, torque and displacements: (a)
Conventional DTC and DFC. (b) Proposed method.
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There are some reasons for the ripples and oscillations on the
recorded currents and torques. Firstly, the time interval to
update voltage vectors influences the current ripples, which is
programmed in the DSP. Secondly, the used microprocessor is
TMS320F2812, which does not have a FPU. Therefore, the
current and torque are calculated by 1Q module, which could
decrease the accuracy of actual currents and torque. Thirdly, the
inductance is changing in BSRMs due to variations of the rotor
angular position and air-gap length. In order to generate the
same levitation force, the required winding currents should be
changed according to the levitation-force model. Moreover,
there is a strong coupling between torque and levitation force,
which also causes the torque ripple. Finally, sampling delays of
devices and the sampling accuracy of current sensors could
cause the ripples on the current and torque as well.

Fig. 19 shows the comparison of switching times with two
different methods, where the typical current waveform and
switching signals Gai and Gy are selected to count the number
of switching times. The switching times of Ga with the
conventional method are 38 and that with the proposed method
are only 20. Therefore, the switching loss with the proposed
method can be reduced accordingly.

i ia§1(0\5A/div). ¥

( Vldlv)

L R IIM {03 PR Y 2 1

az(ZSVIdlv)

: Q i;l(O.SNdiv) :
: 1 . o

"""" IHUH - - Guevia. Lo

........... . . G H(25Vdiv) ]

: t (Ims/div) :

(b)
Fig. 19. Comparison of switching times: (a) Conventional DTC and DFC.
(b) Proposed method.

The influence of levitation forces with two methods are
shown in Fig. 20 [19]. It can be seen that the levitation force
ripple is smaller with the proposed method under the condition
of the same radial displacement ripples. This is because that the
flux linkage is the control target as well in the conventional
method, which could influence the selection of voltage vectors
for levitation-force control and deteriorate the levitation-force
tracking performance accordingly.

CUEONId)

B : ; ? / 0

a(125pm/div)
B (125pm/div)

T (0ms/div)

@

" F(20N/div): T
; 0

F,(20N/div).
ks qwﬂu"\*‘ww R 1Y

: ’ a(125pm/d|v)
— T@omsidiv)
(b)
Fig. 20. Experimental results of the levitation forces: (a) Conventional DTC
and DFC method. (b) Proposed method.

C. Dynamic Performance of Speed Changing and Load

Changing with Two Methods

In order to test the dynamic performances of two methods,
some experiments on speed changing and load changing are
carried out. The motor speed is increased from 2000 r/min to
2500 r/min firstly and then decreased to 2000 r/min in the slope
mode. The experimental waveforms are shown in Fig. 21. When
the speed increases to 2500 r/min and decreases to 2000 r/min,
the torque becomes the maximum and minimum values,
respectively. Because the minimum value of torque is zero, the
falling time of speed is more than its rising time. Moreover, it
can be seen that the dynamic performances of two methods are
similar from Fig. 21 (a) and Fig. 21 (b). This is because the
reference maximum or minimum torque is the same with the two
different methods. The radial displacement ripples also increase
slightly when the speed changes. However, the motor can still
achieve the stable Iewtatlon of rotor W|th the proposed method.

n(SOOrpm/dlv)

a(125pmidiv)

t (2s/div) |

@

n(500rpny/div) |

T(G.04N m/div) ;

- : i

a(125pm/div) §

| ' — (Zs-ld iv) ' ' |

(b)
Fig. 21. Experimental results when speed increased from 2000 to 2500
r/min firstly and then decreased to 2000 r/min. (a) Conventional DTC and
DFC. (b) Proposed method.

Fig. 22 shows the experimental results of load changing. It
means the load increases suddenly at one moment and decreases
at another moment. During the load-changing process, the
sponge can be used to rub the rotor to increase the load torque.
It can be seen that the speed and radial displacements keep
unchanged with the two methods, which verifies the good
dynamic performance of the conventional and proposed
methods.
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i T(O O4N m/dlv)
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Fig. 22. Experimental results of load changing. (a) Conventional DTC and
DFC. (b) Proposed method.

D. Dynamic Performance of Sudden Knock on the Shaft at
Two Different Directions

b (1A/div):

o Knock r'egiofn'—»f A0S

Ve Bl 5pmld|v) 70
s g e i e T g s ™
t (100ms/div)

@)

: B sy
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(b)
Experimental results of sudden knocking along a-axis: (a)
Conventlonal DTC and DFC (b) Proposed method

Fig. 23.
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Fig. 24. Experimental results of sudden knocking along B-axis: (a)
Conventional DTC and DFC. (b) Proposed method.

In order to test the dynamic characteristic of levitation forces,
the experiments of a sudden knock on the shaft at two different
directions are implemented as well. The hammer is used to
knock the shaft during normal rotation of the motor. The
experimental waveforms are shown in Fig. 23 and Fig. 24. When
the shaft is knocked, it deviates to the opposite direction firstly
but is pulled back immediately. Accordingly, the current
increases at the moment of sudden knock to pull back the rotor.
From Figs. 23 and 24, it is shown that the dynamic performances
of levitation forces with two methods are similar.

E. Comparison Between the Proposed Method and
Conventional DTC and DFC

In order to analyze the similarities and differences between
the two control methods, the comparisons of some parameters
are listed in Table VI when the motor is at the speed of 1000
r/min. Compared with the conventional method, the RMS
current of phase A is reduced by 64% because the current is not
conducted in the negative-torque region. Accordingly, the
torque-ampere ratio is increased by 200% under the same load
torque. Thirdly, the switching times in one electrical period of
the proposed method are reduced by 47.3% as well. In addition,
the torque ripple is also reduced by 66.7% compared with the
conventional method, which also indicates that the torque is
regulated better under the condition of the improved voltage
vectors table and without the flux-linkage loop. For levitation,
the control effect can be better with the proposed method in
theory because the current of turn-off phase is dropped to zero.
In other words, there is no extra levitation force of that phase in
other time. However, the conventional DTC and DFC method
adopts full-cycle current control, extra levitation forces may be
produced in the regions of [-22.5< -7.59 and [7.5% 22.59
because four coil currents of that phase are not the same exactly,
which can generate additional radial forces to deteriorate
levitation control.

TABLE VI
COMPARISON BETWEEN THE CONVENTIONAL METHOD AND PROPOSED
METHOD
Conventional Proposed
method method

RMS current of phase A (mA) 369 133
Torque-ampere ratio (N-m/A) 0.01 0.03
Switching times in one electrical period 38 20
Torque ripple (N-m) 0.006 0.002
Levitation-force ripple (N) 8 5
Radial displacement (pm) 25 25

IV. CONCLUSION

This paper proposes an improved method based on direct
torque control and direct force control for single-winding
BSRMs. Different from the conventional DTC and DFC method,
the proposed method removes the flux-linkage loop control and
adds some voltage vectors, such as v7 ~ vi2 and -vo ~ -vs. On the
one hand, the removal of the flux-linkage loop facilitates the
torque control and improves the levitation-force tracking
performance. Then the switching loss and torque ripple are
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reduced accordingly. On the other hand, when the rotor moves
to the inductance-descending region, the current can be shut off
to prevent the generation of negative torque, which can decrease
the RMS current and increase the torque-ampere ratio, and the

winding copper loss can be reduced as well.

Extensive

simulations and experiments have been completed to verify the
demonstrated performance.
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