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Maximum Torque Output Strategy of a Bearingless Induction Motor
in the Field-Weakening Region

Wenxin Fang!, Zebin Yang!: *, Xiaodong Sun?, and Guangxin Wang!

Abstract—In order to realize the maximum torque output (MTO) in the field-weakening region for a
bearingless induction motor (BIM) stator vector control, a flux feedforward control strategy is proposed.
Firstly, based on the restrictions of the stator flux oriented control and the dynamic characteristics of the
current in the BIM field-weakening region, the optimal distribution of the torque current and excitation
current and the dynamic model of the maximum torque output strategy are analyzed. Then, the field-
weakening region could be divided into two parts according to the change of slip. It can be proved that
the BIM works under the voltage and current limitations in the field-weakening region I, and works
under the voltage and torque limitations in the field-weakening region II. By this way, the optimal
flux mathematical model of the BIM can be obtained. Finally, the MTO in the field-weakening region
is proved. The simulation and experiment results show that the proposed flux feedforward control
strategy in the field-weakening region can make the output torque and current tracking effect improve
significantly when the BIM runs beyond the rated speed. At the same time, the good suspension
performance of the BIM is realized.

1. INTRODUCTION

A Dbearingless motor is a special motor, which has frictionless wear, corrosion resistance, no lubrication,
and can realize “self-suspension operation” [1-5]. Compared with other motors, a bearingless induction
motor (BIM) possesses the advantages of simple structure, solid and reliable, uniform air gap, low cost,
and low groove pulsation torque. A new electrical transmission scheme is provided for the development
of sophisticated transmission equipment, such as high-speed centrifugal pump, flywheel energy storage,
and agricultural equipment [6-10].

In the oriented flux vector control system of the bearingless induction motor powered by the
inverter [11-14], when the BIM works below the rated speed, the motor flux can be kept constant,
and its maximum output torque [15-17] is only limited by the rated current and the maximum current
of the inverter; when the motor speed exceeds the rated speed, it enters the field-weakening region.
With the increase of the counter electromotive force of the rotor winding, the output voltage of the
inverter will be limited, which affects the maximum torque output of the motor. Therefore, various
methods about the field-weakening region have been proposed by the domestic and foreign scholars [18—
21]. In [22], a field-weakening control algorithm based on the maximum torque-current ratio is proposed,
which is controlled by checking the table of the maximum torque-current ratio in the constant torque,
and the torque command is generated by the field weakening algorithm in the constant power region.
This method realizes the high-speed operation of the motor when the current and voltage limits are not
exceeded. In [23], the voltage components during the steady high-speed operation are analyzed through
the voltage equation. The stator resistance voltage drops; the dynamic current term and dynamic
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flux linkage term are ignored based on the rotational speed and excitation current which are inversely
proportional method; the adjustment range of the motor speed is widened. Reference [24] controls the
motor stator closed-loop voltage, current limit, and the angle difference between the stator flux and
rotor flux, which are through the control strategy of the stator closed-loop voltage, so that the motor
maximum torque can be output in the field-weakening region. This method can reduce the influence
of DC side voltage changes, which makes the largest steady-state torque generated in the entire field
weakening range and has fast dynamic response ability. But this method needs to add control variables,
so the control algorithm will be more complicated. In order to ensure the motor operated efficiently and
stably when the speed exceeds the rated speed, the maximum torque output strategy adopted in the field
weakening region is particularly important. As a special type of motor that the functions of suspension
and rotation are integrated, BIM has a coupling effect between the torque winding and suspension
winding [25-27]. Therefore, in order to make the BIM more stable during high-speed operation, the
research on the maximum torque control in the field-weakening region is carried out.

In this paper, based on the BIM mathematical model, a strategy for maximum torque output in
the oriented stator field weakening region is proposed. First, based on the restrictions of the stator flux
and the dynamic characteristics of the current in the BIM field-weakening region [28-30], the voltage,
current, and torque limitation were analyzed. Secondly, according to the I'-type equivalent circuit of
BIM [31], the field weakening region is divided into two parts: field weakening region I and region II. By
this circuit, The BIM works in the voltage and current limit in the field-weakening region I and works
in the voltage and torque limit the field-weakening region II are proved, so the corresponding optimal
magnetic flux can be obtained. Therefore, the maximum torque can be output in the field weakening
area, and the rotor can be suspended well. Finally, the feasibility and effectiveness of the proposed
method are verified by simulation and experiments.

2. MATHEMATICAL MODEL OF BIM

The torque winding with a pole pair of P, and the suspension force winding with a pole pair of P, are
wound on the stator of the BIM simultaneously. The following three conditions [32] are satisfied by
these two sets of windings to realize the effective suspension operation of the motor:

(1) P1 = P2 + 1;

(2) Electrical angular frequency w; = wo;

(3) The direction of the generated rotating magnetic field is the same.

The interaction of the currents in the two sets of windings is used to control the uneven distribution
of the air gap magnetic field of the BIM, thereby a controllable radial force is generated acting on the
rotor to achieve suspension.

The generation principle of radial suspension force in the BIM is shown in Fig. 1. The 4-pole
torque winding and 2-pole suspension force winding are stacked in the stator slots. In the no-load state,

Flux density y A

increase

Figure 1. Generation principle of radial suspension force in the BIM.
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currents I; and I, are passed through the two sets of windings, respectively, and the flux linkages
and 19 are generated as shown in Fig. 1. 41 and 19 are in the same direction on the upper side of the
air gap, so the air gap magnetic density increases, while 1)1 and 19 on the lower side are opposite, so the
air gap magnetic density decreases, thereby a radial suspension force F}, is generated along the positive
direction of the y-axis. Similarly, if we want to obtain the radial suspension force along the x-axis, we
can pass a current perpendicular to I in the suspension force winding. Therefore, the magnitude and
direction of the suspension force can be controlled by the current in the suspension force winding, and
the stable suspension of the BIM rotor can be realized.

3. LIMITATION OF THE BIM OPERATION IN THE FIELD-WEAKENING REGION

3.1. The Voltage and Current Limits
The steady-state voltage equation of the BIM in the stator field-oriented vector control system is:

Usqg = Rslsg + Psd — Qbsqur (1)
Usq = Rsisq + pwsq — Ysqpbr

where w44, usq represent the stator voltage; is4, isq represent the stator current on the d-axis and g-axis,
respectively; 144 and 1,4 represent the components of the stator flux on d-axis and g-axis, respectively;
R is the stator resistance per phase.

Thus, the motor terminal voltage amplitude can be obtained as follows:

|us| = wr [s] (2)
The stator flux linkage vector 15 and stator current 75 are crossed to the electromagnetic torque of
the BIM:

3 ) 3 )
T, = §np1/)8 X ig = §np [1s] |is| cos e (3)

where cos ¢, is the power factor.

It can be seen from Eq. (2) that when the amplitude of the stator flux linkage is a constant value,
the amplitude of the motor terminal voltage increases proportionally with the increase of the rotational
speed. However, the vector control system is driven by an inverter composed of power semiconductor,
so the stator winding current and terminal voltage must be limited. The constraints are:

’is‘ = \/ ng + igq < Ismax; (4)
lus| = \/ Uid + qu < Usmax (5)

where I pax and Ug pax are the maximum current and voltage amplitudes allowed by the stator winding,
respectively.

The speed of the BIM cannot increase infinitely under the condition of constant stator flux linkage
amplitude, due to the limitation of the maximum stator winding terminal voltage. When the speed of
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Figure 2. Field-weakening control characteristics of the BIM.
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motor reaches the rated electrical angular velocity, the stator terminal voltage amplitude reaches the
limited value, that is wy1[ts| = Usmax- At this point, if the speed is required to continue to increase, the
stator flux linkage amplitude |¢s| must be reduced, so that the motor terminal voltage is still maintained
at Usmax. Fig. 2 shows the motor characteristics under the field-weakening control.

3.2. The Torque Limit

The out-of-step torque and torque equations under the BIM stator field-oriented vector control are as
follows:

3(1 —o)ny

T, < 2 T Py2
— 4ol Vs (6)
3 .
T, = 5 npwszsq (7)
where n,, is the number of pole pairs, which can be obtained according to the above two equations:
isq < [(1—0)¢s] /(20Ls) (8)

The range of the g-axis component of the stator current under torque limit control is shown in
Eq. (8). If the g-axis current command exceeds this range, the motor cannot run stably. The range
of the torque limit is affected by the leakage inductance coefficient and magnetic flux command: if the
magnetic flux command is constant, the leakage inductance coefficient is inversely proportional to the
range of the torque limit, and the magnetic flux command is proportional to the range of the torque
limit.

3.3. Division of the Field-Weakening Region

When the BIM is under stator field control, the extreme torque is limited. The analysis with the T-type
equivalent circuit is relatively complicated, but the torque characteristics of the motor can be deduced

more directly through its I'-type equivalent circuit under the directional control of the stator field. In:

2
Ly =L, Ly, = Liiijs + LSLQM, Rp = L?R,/L?,. From the I'-type equivalent circuit shown in Fig. 3,

the stator current and rotor current equation can be obtained as follows:
_ Us[Rr+ jswe (Lr + L))

I, = 9
s —SngLLM + jwe Ly RR ’ ( )
Us
L = — 10
" jweLr + Rp/s (10)
I R L
g 1 s
i T
+
m 'lrl"
: i R
U joy. 31, Jjoy, 2]
¥ i 5
Figure 3. The I' equivalent circuit of the BIM.
Therefore, the electromagnetic power and torque of the motor are as follows:
2

Py = 3 ‘US’QRR —, (11)
2s(welr)” + R%/s
3 Us|” R

Ty = 5"l 52’ E_ (12)
2 swe (welp)” + weR% /s
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where |Us| is the peak value of the stator phase voltage, due to swe(weLr)? + weR%/s > 2w?LiRp.
According to Eq. (12), when the slip ratio is shown as in (13), the maximum torque of BIM is as follows:

Sm = Rr/ (welp), (13)

3n, U2
T max = —bo—% 14
M Aw2L, (14)

The slip ratio in Eq. (13) is the maximum slip ratio of the motor, and the torque in Eq. (14) is the
out-of-step torque of the motor. When the motor just enters the field-weakening region, because the
extreme current is limited, the slip rate of the motor is usually less than the maximum slip rate, and
the actual torque is also less than the out-of-step torque. So this area is defined as the field-weakening
region I.

When the actual slip s of the motor is equal to the maximum slip s,,, the torque output by the
motor is the out-of-step torque. As shown in Eq. (14), this region is defined as the field-weakening
region II.

In Fig. 4, the solid lines are the mechanical characteristic curves of the motor at different
synchronous speeds, and the dotted line is the maximum torque that the motor can output when
it runs at different synchronous speeds. Due to the limitation of the current, the slip ratio of the motor
is less than the maximum slip ratio, and the output torque is less than the maximum torque in the
mechanical characteristics in the field-weakening region I. With the increase of the speed, the motor
enters the field-weakening region II. At this point, the slip ratio is the maximum slip ratio, and the
output torque is the out-of-step torque.
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Figure 4. The torque characteristics of the BIM in the field weakening region.

4. MAXIMUM-TORQUE-OUTPUT TRAJECTORY OF THE BIM IN
FIELD-WEAKENING REGION

In order to make full use of the inverter capacity, the motor needs to work at the current limit and
voltage limit at the same time to ensure that it can output the maximum torque in the field-weakening
region. When the motor is running in the field-weakening region II, it always works at the maximum
slip s,, point to ensure the stable operation of the motor, and at the same time, the motor needs to
work at the voltage limit in order to obtain the maximum torque output.
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4.1. Analysis of the BIM Characteristics in the Field-Weakening Region 1
According to the I'-type equivalent circuit, the impedance angle of the BIM can be derived:

R 2
<wR> Ly + LyLr (Lar+ Lz)
sl

ZZ = arctan 15
L%WRR/wsl (15)
In Eq. (15):
213, — (Umax/Imax)”
Ws1 = RR\/ we ]\24 ( ma / I;a ) 272 D) (16)
(Umax/Imax) (LM + LL) - WELMLL
where wyg; is the slip angular frequency.
Let Rp/ws1 = x, then Eq. (15) can be rewritten as:
Ly (L L

/7 = arctan [ij + W} (17)

When 0 < z < v/Lp(La + Lyp), the impedance angle of the motor keeps decreasing; on the contrary,

the impedance angle of the motor keeps increasing. When x = /Ly (Ly + L), Eq. (16) has a unique
minimum value, and its value is:

2+/Lp (L L
/7 = arctan L(Lar+ Li) (18)
Ly
At this point, the synchronous angular velocity is:
o — Umax | (Lag +L1)?+ Ly, (Ly + Ly) (19)
“ Imax L%\JL% + LLL?\J (LM + LL)

4.2. Analysis of the BIM Characteristics in the Field-Weakening Region II

In order to ensure the stable operation of the motor, it must work at the maximum slip s,, point in the
field-weakening region II, and in order to obtain the maximum torque output, the motor needs to work
at the voltage limit at the same time. At this point, the motor runs at the maximum slip rate wgsim
stably. The maximum slip value can be obtained from Eq. (13), as shown below:

R
Wslmax — SmWe = ff (20)

From Egs. (16) and (20), the turning frequency in the field-weakening region II can be obtained as
follows:

o Umax 1 1 2 2
Wec2 = T Lar L \/2 [(LM + LL) + LL] (21)

The optimal voltage vector trajectory based on the maximum torque output equation is shown in
Fig. 5. The blue line is the optimal strategy trajectory; the green line is the voltage limit trajectory; and
the red line is the current limit trajectory. As can be seen from the figure, with the speed increasing,
the current limit range becomes larger. In the base-speed region, with the speed increasing, the optimal
trajectory moves from point 0 to point A. When the motor speed is higher than the base speed, the
motor enters the field-weakening region. Then the optimal trajectory moves between two points AB,
and finally stays at point B, at this point |usq| = 1sq-
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Figure 5. Optimal vector trajectory in the field-weakening region of the BIM.

4.3. Flux Feedforward Control Strategy for Field-Weakening Operation

The reference value of the flux linkage and torque is adjusted online according to the inverse proportional
rule under the flux feedforward control strategy for field-weakening operation, and the speed regulation
range of the motor can be expanded by this means. The method is to make the reference magnetic
flux inversely proportional to the motor speed, and by this method, the rated speed can be exceeded
by the motor actual speed. Therefore, when the rated speed is exceeded, the reference magnetic flux is
adjusted as follows:
gy = yped S2ied (22)
Wm
When the rated speed is exceeded, the maximum torque output capacity will be decreased according
to the reduced magnetic flux:

T, = qP1Lrated (23)
W

At this point, the equation of the decoupling term 74, of the motor is:
Lsaigq

B ¢s — 0Lgigq

The control block diagram of the flux feedforward control strategy in the field-weakening region of

the bearingless induction motor in the stator magnetic field is shown in Fig. 6. The estimated values of
the speed and angle are obtained by the adaptive flux observer.
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Figure 6. Control block diagram of the system.
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5. SIMULATION AND EXPERIMENT RESULT

In order to verify the effectiveness of the flux feedforward control strategy in the field-weakening region of
the bearingless induction motor in the stator magnetic field that is proposed in this paper, a simulation
model of the control system is built and simulated by Matlab/simulink. The parameters of the BIM

are shown in Table 1.

Table 1. The parameters of the BIM.

Parameters Torque winding Suspension winding
Core length (mm) 105 105
Rotor mass (kg) 2.85 2.85
Rotational inertia (kg-m?) 0.00769 0.00769

Rated power (w) 1000 500

Rated current (A) 2.86 2.86
Rotor resistance (2) 11.48 0.075

Mutual inductance of stator and rotor (H) 158.56 9.32
Self-inductance of stator and rotor (mH) 209.79 12.32
Rotor leakage inductance (mH) 9.22 5.42
Stator leakage inductance (mH) 4.45 2.67

5.1. Running under Load

During the acceleration process of the bearingless induction motor from 0 to 4500 r/min with a load
of 3N-m, the flux feedforward control method proposed in this paper and traditional control method
in which the magnetic flux is inversely proportional to the rotational speed are compared in the field-
weakening region. The comparison curves are shown in Fig. 7. It can be seen from the figure that in
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Figure 7. Acceleration process from Orpm to 4500rpm under load operation of the BIM. (a)
Conventional method. (b) Proposed method.



Progress In Electromagnetics Research M, Vol. 111, 2022 229

the constant torque region, the setting value can be well tracked by the stator d and ¢ axis currents
under the control of the two methods, and the torque can also be kept in a stable state.

However, when the motor exceeds the rated speed of 1500r/min and enters the field-weakening
region, the actual and the given values of stator d and g-axis currents will deviate significantly under
the traditional control method shown in Fig. 7(a). At 0.27s, there will be a significant drop, and the
fluctuation will be large. With the motor under flux feedforward control in Fig. 7(b), the given and the
actual values of the stator d and ¢ axis currents deviation is significantly reduced; the torque decreases
at 0.35s; and the torque can always maintain the state of the maximum torque. The accelerate time
of the motor under the control of the traditional method and the method proposed in this paper are
436 ms and 398 ms, respectively. Therefore, the flux feedforward control method proposed in this paper
has obvious advantages.

Figures 8 and 9 are the radial displacement curves of the rotor. It can be seen from the figures that
after the BIM enters field-weakening region, the displacement of the rotor is much smaller than the air
gap value of the BIM by 0.4 mm, and it still has good suspension characteristics.

0.04 0.04
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-0.04 - - - - -0.04

0 0.1 02,03 0.4 0.5 0 0.1 02,03 0.4 0.5
Figure 8. Rotor offset in x-direction. Figure 9. Rotor offset in y-direction.

5.2. Running under Speed Reference Piecewise Changes

In order to make a more comprehensive analysis, under the speed reference piecewise changes, the use
of the flux feedforward control strategy is compared with the traditional control strategy in which the
flux is inversely proportional to the rotational speed. As shown in Fig. 10, in Fig. 10(a), the three-stage
accelerate times of the motor speed are 122ms, 178 ms, and 235 ms, respectively. It can be seen from
Figs. 10(b), 10(c), and 10(d) that during the first stage of speed increase, because the motor is in the
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Figure 10. Step acceleration process from 0 to 4500 r/min under conventional method of the BIM. (a)
Speed accelerate curve. (b) Exciting current curve. (¢) Torque current curve. (d) Output torque curve.
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base-speed region, the reference value can be tracked well by iq and %4, and the torque fluctuation is
stable. At 0.24s, the speed changes from 1500 to 3000 r/min, and the BIM enters the field-weakening
area I. At this point, the deviations of i4, ¢, and the reference value are widened obviously, and the
torque fluctuation is also significantly larger. Then at 0.48 s, the speed changes from 3000 to 4500 r /min,
and the BIM enters the field-weakening region II. It can be seen from the figure that the deviations of
id, iq and the reference value are enlarged constantly. From the enlarged view of Fig. 10(d), when the
motor runs stably at 4500 r/min, the torque fluctuation can be controlled within +1 N-m.

The simulation curve under the flux feedforward control is shown in Fig. 11. When the speed rises
from 0 to 1500 r/min, the motor stays in the base-speed region, so the accelerate time is 122 ms, which
is consistent with the traditional method; then, step changes from 1500 to 3000 r/min in 150 ms; finally,
step changes 3000 to 4500 r/min in 207 ms. Compared with the traditional method, the acceleration time
is significantly shortened. In Figs. 11(b) and 11(c), the deviations of i4, i, and the reference value are
significantly reduced compared with the traditional method in Fig. 10, and the change of the reference
value is relatively smooth. In Fig. 11(d), when the speed is finally maintained at 4500 r/min, the torque
fluctuation can be controlled within +0.5 N-m from the enlarged figure, so the current reference value
can be tracked better by the method proposed in this paper, and the motor can be run more efficiently.
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Figure 11. Step acceleration process from 0 to 4500 r/min under proposed method of the BIM. (a)
Speed accelerate curve. (b) Speed accelerate curve. (c) Speed accelerate curve. (d) Speed accelerate
curve.

5.3. Experimental Verification

In order to further verify the effectiveness of the proposed flux feedforward control strategy in field-
weakening region, the digital system experimental platform is used as shown in Fig. 12, which is
developed by our research group independently. The experimental motor parameters are consistent
with the simulation ones. IGBT is used as the switch tube of the experimental platform, and the
sampling frequency is set to 20kHz. In order to observe and record the experimental waveforms and
data conveniently, the rotational speed and radial displacement are output to the oscilloscope for display
through D/A.

When the actual speed increases from 0 to 4500 r/min, the experimental curves of the rotational
speed, phase “a” current, and rotor displacement which are controlled by flux feedforward control in
the field-weakening region are shown in Figs. 13-15. Fig. 13 shows the rotational speed compared result
between traditional method and proposed method. It can be seen from the figure that when the motor
speed accelerates from 0 to 45001 /min, the BIM under traditional method needs 1.33s, while under
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Figure 12. Experimental platform.
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Figure 14. The “a” phase current diagram of the BIM. (a) The diagram of “a” phase current when
the speed increases. (b) The diagram of “a” phase current at 4500 r/min.
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the proposed method it only needs 0.89s, and the jitter is smaller when the speed reaches 4500 r/min.
The experimental comparison shows that under the proposed method in this paper, the motor speed
can rise faster, and the fluctuation is decreased. It can be seen that the experiment results in Fig. 13
are consistent with the simulation ones in Fig. 7, which proves the feasibility of the proposed method.

Figure 14 is the current experimental diagram under the flux feedforward control in field-weakening
region. In Fig. 14(a), the current amplitude is 5 A in the stage of acceleration; when the motor reaches
the maximum speed, the current jitter amplitude is decreased and still maintains a sinusoidal operation,
which can be seen from Fig. 14(b).

The experimental diagram of the rotor displacement when the motor operates at the maximum
speed is shown in Fig. 15. It can be seen from the figure that the rotor shakes slightly when the rated
speed is exceeded, but it is much smaller than the air gap value of the motor by 0.4 mm, which can
realize the good suspension performance. The experimental results are consistent with the simulation
ones. Therefore, the proposed flux feedforward control in the field-weakening region can realize the
motor’s stable operation, and the proposed method has certain feasibility.

¥ displacement

Y

vdisplacement

Y

Rotor displacement
(200pm/grid)

f (200ms/grid)

Figure 15. Rotor displacement of the BIM.

6. CONCLUSION

In this paper, the maximum torque output control strategy in the field-weakening region is proposed.
The effectiveness and practicability of the proposed method are proved by theoretical analysis, simulated
and experiment results, and two conclusions are obtained as follows:

(1) The variation process of slip and torque is deduced when the BIM operates in the field weakening
region, which is based on the I'-type equivalent circuit and constraints of the BIM when it operates in
the field weakening region. The field-weakening region is divided to two regions by the slip variation,
then the torque output in the above two regions is the maximum torque, and the corresponding flux is
the optimal are proved.

(2) In order to meet the conditions of field-weakening operation, the proportional factor of flux
linkage and torque is introduced into the maximum torque output strategy. When the actual speed is
higher than the base speed by 300%, the field-weakening operation is realized, and stable operation of
the BIM is guaranteed.
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