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Sensorless control in full speed
domain of interior permanent
magnet synchronous motor based
on hybrid observer

Ying Jie Gao?, Shu JiaYan!*, Mei Song Tong?, Jun You Chen? & Qiang Chen*

Aiming at the problem that an Interior Permanent Magnet Synchronous Motor (IPMSM) cannot be
smoothly started in zero-low speed range and smoothly transitioned to medium-high speed range

by a single observer. This paper proposes a full-speed range control algorithm based on the fusion of
pulsating high-frequency injection and back electromotive force (EMF) position error information.

In the low-speed range or at start-up, a square-wave high-frequency signal is injected, and the
obtained high-frequency current signal is processed to obtain the rotor position error information. The
phase shift due to the introduction of a filter is reduced, which improves the control bandwidth and
reduces the noise. To ensure smooth switching of the observer, the observer uses a dual second-order
generalized integrator module to output the angular frequency in the low-speed range. A higher-order
sliding mode observer based on an inverse EMF model obtains rotor position error information at high
speeds. During switching, the rotor position information is processed by a fusion strategy, and the
obtained hybrid information is fed into the system to improve the stability of the motor operation. A
0.2 kW IPMSM position sensorless vector control system verifies the algorithm’s accuracy.

Keywords IPMSM, Full speed range position sensorless control, High frequency injection, HSMO, Novel
fusion strategy

IPMSM has become the best choice for industry, especially in electric drives and precision manufacturing, due to
its power and stability2. Conventional motor vector control systems use mechanical position sensors to obtain
effective speed and rotor position information in real time, increasing cost and system complexity. In addition,
the service life and measurement accuracy of mechanical sensors are significantly reduced due to concentric-
ity issues during installation and interference from environmental factors such as temperature, humidity, and
vibration. Therefore, field-oriented control (FOC) algorithms based on magnetic field direction have received
extensive attention and research, and this method can reduce the complexity of the IPMSM systems, decrease
overhead, extend the service life, and improve measurement accuracy, which is of excellent research significance’.
There has been much in-depth research on position sensorless algorithms for IPMSM at home and abroad.
According to the speed range, the research results can be categorized into zero-low and high-speed ranges. Dur-
ing startup or low-speed range operation, most of the position information is obtained by the internal convex
polarity of the motor. A high-frequency signal consisting of a sine wave or a square wave is usually injected*.
However, conventional high-frequency voltage injection methods produce audible noise due to the high injec-
tion frequency, which limits the practical application of the high-frequency voltage injection methods®. When
the IPMSM operates in the high-speed domain, a sliding mode observer (SMO) extended Kalman filter based
on the inverse EMF method can be used to obtain the rotor angle of the motor.

The sensorless motor runs stably throughout the process, and the above two observer algorithms can be fused
and used to form a sensorless hybrid control system. In recent years, the research on sensorless hybrid control
technology has progressed. Literature 7 proposes a high-frequency pulsed voltage signal injection method based
on enhanced linear active disturbance rejection control (LADRC)’. The method establishes a cascaded extended
state observer to ensure a relatively timely and accurate estimation of the total disturbance. However, the method
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relies too heavily on parameter tuning and does not apply to complex systems. In literature 8, Dingdou Wen
proposed an improved sliding mode observer method for estimating motor speed and rotor position information
in the medium and high-speed ranges®. The rotating high-frequency voltage signal injection method is used in
the low-speed ranges. However, the method has to introduce a low-pass filter, which can lead to inaccurate phase
shift and angle observations. Literature 9 proposes a hybrid active flux observer with interference suppression is
proposed for the high-frequency signal injection method and the model-based method to suppress the position
estimation error’®. In addition, a stator resistance identification algorithm is proposed to improve the algorithm’s
performance at low speeds. Literature 10 applies the high-frequency method to the motor starting and low-
speed inductorless control algorithms and uses an adaptive system approach for the high-speed operation of
the PMSM!. Literature 11 uses a strategy combining the control constant voltage/frequency tuning method and
SMO to get the position sensorless control of the motor throughout the operating state'!. Literature 12 introduces
a novel discrete SMO to detect the rotor position, which is full-order multiple-input and multiple-output!?.
Literature 13 proposes a novel hybrid rotor position observer that combines a high-frequency injection (HFI)
method with a flux observer, which uses a Luenberger-type stator flux observer'’. Literature 14 combines the AC
test current injection method and model-based dynamic feedforward control'%. While literature 15 uses a com-
bination of the high-frequency signal injection method and inverse electromotive force sliding mode observer
method", this method commutates the motor at zero speed operation, and the observer will diverge and cannot
track the proper angle of the rotor in real-time. Moreover, due to the non-smoothness of the switching function,
the switching of the observer still occurs with the transient phenomenon of the motor emitting strange noise.

Existing hybrid control algorithms mainly use rotor position information fusion, and although they have
achieved stage-by-stage experimental results, they still have some drawbacks. In order to optimize the hybrid
control strategy and its practicability further, it is still necessary to investigate the problems of these two methods
in terms of fusion method and robustness. Therefore, in this paper, a sensorless control algorithm for IPMSM
full-speed range position based on a hybrid observer with a novel fusion strategy is proposed as follows:

e Since the motor is at a low speed, a phase shift occurs when using a Low-pass filter (LPF). The angular
frequency of the rotor also changes when a high-frequency signal is injected. In order to solve these problems,
this paper improves the injection method of pulsed high-frequency square-wave signals; the square-wave signal
is injected into the rotating coordinate system, the position information and angular frequency are extracted
from the rotating coordinate system, and the g-axis current calculation is changed to a differential signal, which
reduces the use of low-pass filters and improves the system’s bandwidth.

e This paper proposes an improved DSOGI system to solve the problem that a bandpass filter (BPF) cannot
remove high-frequency signals. It also improves the system’s dynamic performance and prevents motor startup
jitter. In addition, In addition, tuning parameters is more advantageous than the traditional method.

e In this paper, the pulsation high-frequency square-wave injection method is combined with the EMF
method, and a full-speed range fusion strategy is used in the context of higher-order functions. When switch-
ing the observer, the algorithm adopts the coefficient method to fuse the rotor error information with the speed
signal, ensuring the motor’s smooth switching during speed-up and realizing the full speed range position
sensorless control.

IPMSM position sensorless control method
Pulsating high frequency voltage signal injection method
Equation (1) about voltage for IPMSM can be written in the dg rotation coordinate system

uq . Ly 0]d[ig 0 —Lg|[ia 0
=Ri|ig1, |+ — | % +o 02| +
{”q} cLia g {0 Lq}dt Iq ‘[La O Iq weYy M
Where: ug, u, are the stator voltage and iy, iy are the current components under the dq rotating coordinate system;
w, and Yy are the motor electric angular frequency and permanent magnet magnetic chain, respectively; Ly, Ly
are the stator inductance; and R; is the motor stator resistance. When the IPMSM operating state is in zero-low

speed range operation, the operating frequency of the injected voltage is larger than the motor’s electrical corner
frequency'$; at this time, the IPMSM is equivalent to a purely inductive model, so Eq. (1) can be rewritten as

ugh | _ [Lan 0 ] 4 [igy
u 1 0L ] )
qh qh | dt | igh
Where: ugp,, ugy, are the high frequency voltage and igy, iz, are current components under the dq rotating coordi-
nate system; Lgy, and Ly, are the high frequency inductance. )
The positions between the stationary ¢ coordinate system, the estimated dg rotational coordinate system,
and the real dq rotational coordinate system are shown in Fig. 1, where 6, 6, Af are the estimated position angle,

the actual motor rotor position angle, and the difference between them, respectively.
The high-frequency voltage response of the rotation can be described by Eq. (3)

an | _ -1 Ugh
{i‘qh} =K (AQ){”qh} )

cos A sin A6 |. . . . .
_§inAf cos Ad } in Eq. (3) is the transformation matrix, and the current response in the dq frame

of reference can be described as:

R(AG) =
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Fig. 1. Diagram of angles between frames of reference.
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Substituting Eq. (2) into Eq. (4) yields
d [ian ~1 o O | Tua
— |« =R (A6 dh
dt {iqh (A0)1 79 L—;h Ugh (5)

A high-frequency voltage signal is injected into the estimated rotational dg-axis coordinate system.

N Vi First half of the cycle
it = A )
dh Vi second half of the cycle

However, this injection voltage frequency depends on the control frequency. Since the estimated d-axis signal
determines it, it has a decisive influence on the performance of the motor drive.

Although high-frequency signals can be injected into any coordinate system, injection into a rotating coor-
dinate system makes the system more stable and facilitates position extraction. If the high-frequency signal is
injected into the estimated coordinate system, the injected voltage and the voltage signal in the rotating reference
system can be described as

Gign - Vi(wp)
] -]

Vi(wp) in Eq. (7). denotes an injected high frequency square signal not restricted to the paper.

In the high-frequency square-wave injection method proposed in this paper, although the voltage signal
under the rotating coordinate system determines the generation of high-frequency voltages, it will be multiplied
by the current of the rotating coordinate system when it enters the signal modulation and finally feeds into the
phase-locked loop. The position angle is obtained through the high-frequency square-wave injection observer.
Since there are no additional BPFs and LPFs to cause time delays that would affect the rotor angle accuracy, we
can significantly increase the angular frequency of the high-frequency signal. The block diagram of the high-
frequency signals generated is shown in Fig. 2. The algorithm does not introduce any filter, ensuring a high
degree of phase consistency.

High frequency signal extraction

Due to the apparent cross-saturation effect, the rotor position does not generate an estimation error after the
high-frequency signal flows into the estimated rotating coordinate system. Therefore, the induced current is
generated only in the d-axis, and the position information of its estimation can be processed as follows: substi-
tuting Eq. (2) into Eq. (3) and rewriting it to get

an | _ -1 Lip 0 ] d [igy
Erl R kA F i ®
Substituting Eq. (7) into Eq. (8) reduces to
dlig] _[Law 077" 4 Vi(wp)
dt{iqh = |0 1, | R@ORT@o)| T (9)

Transforming Eq. (9) into the estimated rotating reference system gives Eq. (10).
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Fig. 2. Flowchart of square wave voltage generation.
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From Eq. (10), it can be seen that the high-frequency current of the g-axis rotating coordinate system is propor-
tional to the angular error

sin2A0 thth A
X 1 h 11
2 Vis(wp) (Lan — Lgn) ()

When A6 converges infinitely to 0, Eq. (11) can be equated as

LanLan A,

N = — —— L g
Vi(on) (Lan — Lgn) "

(12)

However, a conventional sinusoidal signal will become 0 every half cycle, resulting in Eq. (12) having non-
computable points at each cycle. In this case, it is possible to inject the signal using a square wave and replace
the current derivative operation on the g-axis with a differential operation on the sampled current, in which case
the rotor angle error can be rewritten as

2 1 1
AO =A- Al A:7<———> (13)
Vi(wp) - Ts \Lan ~ Lgn

where T is the system period, Al is the differential current

ignlk] = ignlk — 1]
o 2

Al (14)

In electric corner frequency extraction, DSOGI can lock the high-frequency signal to a particular frequency
because the performance and stability of the system should be improved. Taking the frequency used in this
paper as the reference frequency, as described in Fig. 3, x;" can be derived according to the closed-loop equation

X} B kikyw?*s? 5
Xt (52 + kyws + a)z) (52 + a)z) + k1kyw?s? (15)
where k; = 2;?7”0{, ky = 2‘”””—;50, for the sake of system stability £ = 0.707, w is the system frequency.

Observation method based on inverse electromotive force modeling
Conventional sliding film observers generate large amounts of high-frequency switching ripples even after fil-
tering, They cannot commute quickly at high speeds due to the nature of the observer itself. However, using an

Xt + 2s + 2s x¢
52 4+ w? 52 + w?

\4

Fig. 3. Block diagram of DSOGI process.
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HSMO greatly compensates for such a shortcoming and eliminates the need to add a filter after the observation
result. First, the motor voltage equation in the stationary coordinate system is given

uy | Ri+pLly  we(Lg—Lg) | [ia eu

{“ﬂ} B {—we(Ld—Lq) Rs+pqu Hiﬂ} " [@ﬂ} (16)
o . . —sin A6@

o] = oo+ =t @ia—pi] | o0 | a

where p is the differential operator, e, and eg are the extended inverse potentials.
Since w, can be considered more stable in the running state of the motor, its derivative can be treated as 0.
Simplifying Eq. (17) yields

eq | _ .| —sinAf
[eﬁ}_k{ cos Af } (18)
eq | —sinAf | —ep
{e}g}_wek[ cos AB }_we{ €a } (19)
Then the HSMO is designed as follows
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Subtracting the observer equation from the actual motor equation yields

- _ (@etoe)(La=Ly) -1 ~ 7

’;53 R 0 Lq Li 0 IL‘Z
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where s denotes sign, which is the sign-taking function. Select the Lyapunov function to verify its stability

1 ~2 ~2
V=E<la +l/3>>0 (22)

V= (ioio+ s ip) (23)
If the observer is expected to be stable, we need V < 0, which is calculated as
s —115 l';
3]-[ 14
€p —bs ip

Substituting Eq. (24) back into Eq. (21) yields

~ —m A ~
| _ | T ~9|[e (25)
The final solution is that the observer is stable when "l“—ll = Ljw,.

When the motor is working at high speed, the angle information of the rotor is output through the phase-
locked loop, and the structure is shown in Fig. 4.
The rotor position signal can be obtained from Fig. 4, as shown below

Scientific Reports|  (2024) 14:21661 | https://doi.org/10.1038/s41598-024-72574-x nature portfolio



www.nature.com/scientificreports/

ig -
cosf
a »
. + .
iq _ 1 0
ky +ki/s i —»
sind
Fig. 4. Rotor angle solution diagram.
& =1ig cosh — iy sinf = Ksin(@ — 6) (26)
When 6 and 6 are very close, Eq. (26) can be rewritten
e =Ksin(@ — ) ~ K0 — 0) (27)

In this case, the frequency-domain expression of the phase-locked loop is

0  Kkys+Kk;
= (28)
0  s*+Kkpys + Kk;
When the Kkp and Kk; are positive, the system is stable, the phase-locked loop can estimate the angle efficiently,
and the algorithm approximates the angle to the actual value of the motor.

Hybrid observer design without position sensor

According to the above two position sensorless control strategies, the pulsating HFI method is used when the
motor starts or rotates at low speeds, and the HSMO method is used when the electrical angular frequency is
higher than 55 rad/s. Some scholars have proposed a fusion control algorithm based on cosine switching'”.
However, for the pulsating HFI method switching, the nature of the cosine function will inevitably produce a
small range of violent jitter in the output angle, resulting in an unsmooth motor switching and abnormal noise.
The two control algorithms proposed in this paper adopt a novel fusion strategy to design a switching method
with continuously smooth switching proportionality coefficients using higher-order functions. The two switching
points are w; and wy, respectively, and the proposed function requirements are

flo) =1
_ J fl@) =0
flw) = o =0 (29)
flw2) =0
The new allocation strategy segmentation function is found to be
1 ® = w
4 3
fo)=1{3(za) —a(z2) +1o <oz (30)
0 ® =z w

Figure 5 depicts a block diagram of a novel rotor position control strategy incorporating the two sensorless
schemes mentioned above. In order to better lock through the DSOGI module during the startup phase, the
pulsating HFI method is used to obtain the position error information, and the motor angular frequency signal
and rotor position error information are obtained by using the HSMO in the high-speed range stage. The rotor
position estimates and the electrical angular frequency are §HF1 and @ygr for the pulsating HFI method, §HSM()
and oysyo for the HSMO.

When the electrical angular frequency of the motor is in the transition phase of a given threshold, the two
observers jointly determine the output parameters. The assignment strategy is shown in Fig. 6.

According to the corresponding coefficients in Fig. 6, the estimated position and angular frequency within
the system are summed by Eq. (31) to obtain the motor’s final estimated position and angular frequency.

{ 0 = f(®) - O + (1 — f(®)) - Brsmo

& = f(w) - dupr + (1 — f()) - Brsmo (31)

The initial stage of the system uses the pulsating HFI method and the HSMO to run simultaneously. However, at
this time, only the rotor error signal and electrical angle frequency signal generated by the pulsating HFI method
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Fig. 5. Block diagram of full speed range hybrid observer structure.
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Fig. 6. Allocation strategy function.

are used. When the motor speeds up to the threshold w, the switching mode is turned on, and the system will
use the rotor error signal and electrical angle frequency generated by the fusion algorithm. When the motor
speed exceeds the w state, the system will entirely switch to HSMO operation mode, at which time the pulsed
HFI method will be deactivated and decelerated. Finally, the estimated position § will be sent into the coordinate
change, and the electrical angle frequency @ will be sent into the speed loop for vector control. In this way, the
computing burden of the MCU can be effectively alleviated and the computation time can be shortened.

Analysis of experimental results
The position sensorless hybrid algorithm is validated in a 0.2kW IPMSM control system as described in Fig. 7;
the load test is performed using a motor-to-drag approach with the motor parameters described in Table 1.

The sampling frequency of the system is 10kHz, and the pulsating high-frequency voltage is injected with an
amplitude of 1.25 V and a frequency of 1.25 kHz. The following experimental results are obtained in the host
computer using a closed-loop sensorless hybrid control strategy. Figure 8 shows the experimental results of the
motor starting from 0 r/min speed to 500 r/min and then decreasing to 0 r/min under 0.3 N -M load. The three
graphs show the rotor position observation value, observation error and its amplification value, respectively.
From the experimental result graphs, it can be seen that the hybrid control algorithm without a position sensor
proposed in this paper can meet the low-speed and high-speed operating conditions, and from the macroscopic
point of view, the switching of the two algorithms is more flexible, and the information fusion of the two observ-
ers is effective. The position observation error of the system under the whole operation environment is less than
—0.1rad, and the average value is —0.038 rad.

Figure 9 compares the electrical angle frequencies generated by the pulsating HFI method after the phase-
locked loop and the DSOGI module. The DSOGI still works well when processing high-frequency signals. The
electrical angle frequency generated by the phase-locked loop contains more ripples, which will significantly
impact the processing of the angular signal. Since the electrical angle frequency contains more ripples, the motor
will be more disturbed during zero-speed startup, leading to problems such as jitter and noise or even startup
failure. In addition, when the fusion algorithm intervenes, the motor will switch frequently between the two
observers, leading to uneven switching. After DSOGI processing, the electric corner frequency ripple is much
smaller, and the motor can start smoothly and switch successfully between the two observers.
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Fig.8. Experimental results of hybrid control of two sensorless methods (0-500-0 r/min).

Figure 10 shows the experimental diagram of speed tracking and a two-phase rotating coordinate system
under a 0.3 N -M. Figure 10a shows the speed tracking; when the motor receives the speed loop command, the
steady state tracking of the system is stabilized within 0.7s, and the overshoot does not exceed 5%, which gives
an excellent dynamic performance. Figure 10b shows the current state response of the system in a two-phase
rotating coordinate system from static acceleration to 100 r/min. When the motor speed increases to 0.13 s and
reaches the switching threshold, the high-frequency current will not be injected into the d-axis. and the step
response of the g-axis indicates the system’s robustness.

Figure 11 compares the switching details of the position sensorless control system motor at 0.3 N -M load.
The selected switching points w; is 50 rad/s, and w, is 55 rad/s. Figure 11a shows the observed and actual motor
position data under the cosine switching strategy. At the beginning and end stages of switching, the derivative
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Parameters Value
Stator resistance /2 | 0.09238
d-axis inductors/H 0.000197
q-axis inductors/H 0.000257
d-axis inductors/H 0.000197
Flux Linkage/Wb 0.098
Pole Number 5

Rated Voltage/V/ 24

Rated Current /A 9.5
Rated Speed/rpm 3000
Rated Torque/N M 0.64

Table 1. Motor parameters.
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value of the cosine function may be too large, and the periodic function will lead to the switching oscillations,
making the switching process not smooth; the motor will generate noise and jitter, and the motor will be quickly
out of step during switching, which ultimately makes the algorithm diverge. From Fig. 11b, it can be seen that
after adopting the new allocation strategy, whether intervening or completing the switching, the smoothness of
the switching is guaranteed because the function of the strategy is derivable everywhere, and the derivative of
the switching place is zero. The algorithm’s position observation at the switching point changes very little. It can
quickly track the actual angle of the motor, and the error between the rotor position observation and the actual
value is controlled within 0.1 rad, with good results.

Figure 12 presents the experimental results of the sensorless control system operating in the electric and brake
switching states. When the motor is in the forward fast running state, the magnetic powder brake increases the
motor load, causing the motor to run at low speed. Currently, the algorithm is in a strong convergence state,
and the observed values are consistent with the true values. When a reverse current is applied to the motor, the
observed and actual rotor angles are immediately output in reverse. This indicates that the motor switches at zero
speed, and the algorithm converges. Subsequently, as the load increases, the motor is forced to run at a low speed
in reverse. The motor remains stable, and eventually, with increased current, the motor successfully reverses. The
algorithm can accurately observe the switching state of the motor and run stably.

Figure 13 shows current waveforms in a stationary coordinate system, where the striped current waveforms
are mainly caused by HFI, low speed operation still ensures good sinusoidal characteristics in the event of sud-
den loading.

Figure 14 shows the RPM tracking command test results, where the motor speed increases from 600 to 1500
r/min at 50% load and then decreases to 600 r/min. Since the motor is in a discrete system, the speed command
in this figure is a step-increasing ramp function, and therefore, the electrical angular frequency ripple is larger
when the speed is changed than at a steady state. The experimental results show that with the sensorless control
strategy proposed in this paper, the motor can still operate stably in the medium and high-speed domain. The
error of the electrical angle frequency is within 3 r/min, the overshoot and oscillation of the system when the
reference speed is changed are also within the controllable range, and the e-axis current in the stationary coor-
dinate system is a steady sine wave.

Figure 15 shows the load disturbance experiment under the running state of the motor through the magnetic
powder brake to provide the motor with a fixed direction of the load torque, the figure for the torque sensor and
current clamp connected to the oscilloscope, the figure from top to bottom of the three lines are speed, torque,
and current waveforms. At this time, the motor to 550 r/min constant speed work, to the motor to apply 0.3 N
-M load, from the blue line can be seen from the motor output torque becomes larger, the speed loop can quickly
respond to the completion of the second-order speed within 1s system stabilization, the phase current input to
the motor can be quickly corresponding within 0.4s. On the contrary, when the motor is unloaded, it can be seen
from the figure that the system responds quickly, without delay, and with less oscillation, This situation arises
because the system does not use the LPF or the BPF to limit the system bandwidth.

Figure 16 shows the experimental results of switching between the pulsating HFI and the HSMO methods
using the sensorless control system in an oscilloscope under motor load. Figure 16a shows that the system is
switched from pulsating HFI method to HSMO, and there is no change in torque and speed before and after the
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Fig. 12. Zero speed load experiment results.
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Fig. 13. Current waveforms in a two-phase stationary reference system.
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switching, proving that the system can maintain a stable speed and the fusion algorithm can switch smoothly.
Figure 16b shows that when switching from HSMO mode to pulsating HFI mode, the torque and speed still have
no fluctuation, and the system is stable. From these two graphs, the algorithm can ensure that the phase currents
are sinusoidal waveforms without distortion, no matter how switched.

Figure 17 measured the consumption time of the improved fusion algorithm using an oscilloscope and com-
pared it with other algorithms. The control frequency proposed in this paper is 10kHz, which pulls the level up
when entering the execution cycle of the algorithm and pulls it down when the algorithm is finished.

The left figure shows that the proposed algorithm consumes 26 ps before switching due to the simultaneous
operation of the two observers. After switching due to the de-energization of the high-frequency square-wave
injection method, the computational burden of the MCU is reduced, and only 20 ps are needed to complete the
computation. The figure on the right shows the algorithm before improvement, and without deactivating the
previous observer after switching, the algorithm consumes 31 ps. The proposed improved algorithm not only
improves the time under the simultaneous operation of two observers compared to the previous one but also
consumes less time for a single observer after switching.

Conclusion
In this paper, an IPMSM sensorless system based on the fusion of rotor position error information is investigated,
which is analyzed and obtained based on the proof of principle and experimental results:

Adding the DSOGI module into the system can remove the ripple caused by the high-frequency quantity and
efficiently lock the motor’s electric omega frequency, which not only avoids the abnormal noise and vibration
when the motor starts but also lays the foundation for the subsequent smooth switching.

The sensorless full-speed domain operation of the motor is realized by a novel fusion strategy that fuses the
position error information and the electrical angle frequency signal from the pulsating high-frequency square
wave injection method and the inverse potential method. Only one phase-locked loop is required to obtain the
hybrid position observations, which is simple and efficient, and smooth switching between the two observers
between the two observers can be realized using this method.

The sensorless hybrid control algorithm proposed in this paper performs well in the zero-speed and high-
speed ranges. The experimental results show that the pulsating HFI method can make the IPMSM converge
quickly at startup, keep the system stable in low-speed operation, generate high-frequency currents with sinu-
soidal bands, and switch to the high-speed range; the motor can also switch smoothly run stably with the load.

Data availability
The data that supports the findings of this study are available within the article.
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