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Abstract: As position sensorless control technology can avoid many disadvantages caused by me-
chanical position sensors, improve the reliability of the motor, reduce costs and other advantages,
a large number of researchers have conducted research on compound control technology in order
to achieve position sensorless control technology in a wide speed range. In this article, the position
sensorless compound control technology of a permanent magnet synchronous motor is reviewed,
and the compound control technology of a permanent magnet synchronous motor without a position
sensor is elaborated. Finally, the existing problems and development trend of sensorless compound
control technology are summarized and prospected.

Keywords: permanent magnet synchronous machine (PMSM); position sensorless compound control;
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1. Introduction

In recent years, with the shortage of energy and the deterioration of the environment,
energy conservation and environmental protection have become the main theme of the
development of automobiles in the future [1–5]. Permanent magnet synchronous motors
(PMSMs) have been continuously improved in the field of automotive motor applications
due to their high-power density, large torque inertia ratio and fast dynamic response
speed [6]. To achieve high performance control of the motors, the current vector and the
rotor position must be synchronized. Therefore, the exact position of the rotor needs to be
obtained in real time [7]. Many mechanical detection devices, such as an optical encoder
and a rotary encoder, are usually installed on the motor to detect the rotor position [8].
However, the traditional motor rotor position observer occupies a certain size, which is
not conducive to the installation of the motor and can also cause the motor to go out of
control due to sensor faults working in harsh operating environments [9,10]. Thus, position
sensorless control technology plays a key role in the field of PMSM research [11–13].

The research on position sensorless control technology for PMSM is gradually matur-
ing and is currently focused on two main aspects of position sensorless control technology
for zero- and low-speed and for medium- and high-speed operation [14,15]. As shown in
Figure 1 and Table 1, the former relies on the saliency of the motor, including high-frequency
(HF) signal injection [16–23], etc.; the latter generally relies on the mathematical model
of the motor and is usually divided into two categories: open-loop algorithms, including
direct calculation [24–27], the back electromotive force (BEMF) integration method [28–30],
flux estimation [31,32], etc., and closed-loop algorithms, including the model reference
adaptation system (MRAS) [33–38], sliding mode observer (SMO) [39–42], etc.

While the current position sensorless control technology at zero–low speed and
medium–high speed is now well established, it is still a weak point in the full-speed
domain, which appeals to numerous researchers for improvement. In the zero–low-speed
range, saliency-based position sensorless control techniques are able to estimate the motor
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speed and position signal very well; similarly, in the medium- and high-speed range,
model-based control algorithms have very good performance. As a result, most of the
current position sensorless control techniques in the full-speed range are compound control
technology, which combine control techniques at zero–low speed with control techniques at
medium and high speed, and use switching algorithms to achieve a smooth switch between
the two algorithms in the over-range. The block diagram of the compound control structure
in the full-speed domain is generally shown in Figure 2.
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Table 1. Position sensorless control algorithms.

Algorithms Reference Description

high frequency (HF) injection [16–23]

The HF injection method is not reliant on the spatial protrusion of the tracking
rotor rather than the mathematical equation of the motor, which addresses the
sensitivity to the change in motor parameters and leads to a strong robustness.
Yet the filter is needed, which has the defects of low signal-to-noise ratio and
large phase lag in signal processing.

including direct calculation [24–27]
This method does not depend on the speed of the motor, but it needs to
increase the integral circuit and increase the hardware complexity and may
bring additional integral error.

back-electromotive
force (EMF) [28–30]

The realization is simple, but the back EMF signal is small when the motor is
low speed or static. The back EMF needs to be filtered, which will cause phase
shift of the signal.

flux estimation [31,32]

The rotor flux of the motor cannot be detected directly. It is necessary to
measure the phase voltage and current of the motor, and to establish the
function equation, which is directly related to the rotor flux without relying on
the rotor speed. The calculation is large.

model reference adaptation
system (MRAS) [33–38]

The position observation is based on the accuracy of the reference model, and
the accuracy of the parameters of the reference model itself directly affect the
effectiveness of the identification.

sliding mode observer (SMO) [39–42]
It can solve the problem that the motor is difficult to control at high speed and
heavy load, and has strong robustness, but it needs a large
amount of operation.
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In addition to the conventional compound control algorithms above, there are also
many special control algorithms in the full-speed range, such as compound control based
on three-stage control [43–45] and compound control based on arbitrary injection [46,47].

The contribution of this paper is a classification of state-of-the-art compound position
estimation methods and advances in sensorless control. The paper provides a complete
overview of the advantages and disadvantages of HF-based, as well as IF-based, com-
pound estimation techniques, which provides an effective guide for researchers working
in this field.

The rest of this review paper is organized as follows. Section 2 introduces sensorless
position estimate strategy for compound control based on the high-frequency injection
method and Section 3 for compound control based on I/F control. Section 4 introduces the
switching strategy in the full-speed range. Conclusions and future trends are drawn in
Section 5.

2. Compound Control Based on High-Frequency Injection Method

High-frequency signal injection methods are generally divided into two categories.
One is the high-frequency voltage injection method, and the other is the high-frequency
current injection method [17]. As the high-frequency current injection method is difficult to
control due to the high requirements of the current regulator used, the high-frequency volt-
age signal injection method is more commonly used. According to the different injection
signals, high-frequency voltage injection methods are divided into two categories. One is
the high-frequency rotary voltage injection, the other is the high-frequency pulse voltage
injection. The former enables sensorless control of saliency-pole motors, and the latter is
suitable for sensorless control of both saliency-pole and hidden-pole motors. A large num-
ber of researchers have made many improvements to traditional signal injection [18–23].
Therefore, the current system of high-frequency signal injection methods has been formed.
Since this paper focuses on compound control, instead of giving a detailed account of
each high-frequency signal injection method, two common high-frequency voltage signal
injection methods have been selected for introduction.

The principle of the high-frequency voltage signal injection method is that when the
motor is at standstill or running at low speed, the injection of a high-frequency voltage
signal into the winding, due to the saliency of the motor, causes the feedback high-frequency
signal to carry rotor position information.

1. High-frequency rotating injection method:

In general terms, the basic principle of this method is to add a high-frequency voltage
excitation signal to the static coordinate system of the motor and to use the saliency of
motors’ own structural convex pole or saturated convex pole effect to produce a high-
frequency current response. This current response contains both positive- and negative-
phase sequence components, and only the phase of the negative-phase sequence high-
frequency current component contains rotor position information. Therefore, appropriate
signal processing techniques are required to extract rotor speed and position information
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by constructing suitable observer methods or the phase-locked loop method. The block
diagram of the system structure is shown in Figure 3. The injected high-frequency voltage
signal can be expressed as [8] [

uαh
uβh

]
=

[
−Uh sin(ωht)
Uh cos(ωht)

]
(1)
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The high-frequency rotating injection method is insensitive to the uncertainty of motor
parameters. However, its signal demodulation process is relatively complicated, the use of
multiple filters deteriorates the dynamics of the system, and it is susceptible to multiple
uncertainties leading to poor position-estimation accuracy.

2. High-frequency pulsating injection method:

The basic principle of this method is similar to that of the rotating high-frequency
voltage signal method, except that the pulsating high-frequency voltage injection method
only injects a high-frequency sinusoidal voltage signal into the d-axis of the estimated
synchronous rotating coordinate system and produces a pulsating voltage vector in space.
Figure 4a establishes the relationship between the estimated rotor and the actual rotor syn-
chronous rotation coordinate system. In addition, in terms of the signal processing method
for the feedback current, the pulsating high-frequency voltage injection method needs to
multiply the high-frequency current component with the high-frequency sinusoidal signal
for amplitude modulation, and then perform filtering and rotor position observation. The
block diagram of the system structure is shown in Figure 4b. The injected high-frequency
voltage signal can be expressed as [8].[

ûdh
ûqh

]
=

[
Uh cos(ωht)

0

]
(2)

Compared with the high-frequency rotating injection method, the high-frequency
pulsating signal injection method does not require the salient polarity of the motor and
has the advantages of reliability, with inverter non-linearity and high accuracy in position
identification. However, it has the problems of a long convergence time, poor dynamic
performance and small stability range [19,20].

This section then provides an in-depth analysis of compound control based on the two
widely used high-frequency signal injection methods mentioned above.



World Electr. Veh. J. 2023, 14, 34 5 of 17
World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 5 of 17 
 

q

d

0

q̂

d̂








̂
 

Park

BPFLPF

Clarke

VSI1Park−

BSF

qi

+−

+ +

qhi

PMSMPI

ˆ
dqhu

fk 
sin( )hw t

i

abci

dqi

*

dqfi

dqfi

dqfu

 

(a) (b) 

Figure 4. (a) The relationship between the estimated rotor and the actual rotor synchronous rotation 

coordinate system; (b) The control block diagram of the HF pulsating injection method. 

Compared with the high-frequency rotating injection method, the high-frequency 

pulsating signal injection method does not require the salient polarity of the motor and 

has the advantages of reliability, with inverter non-linearity and high accuracy in position 

identification. However, it has the problems of a long convergence time, poor dynamic 

performance and small stability range [19,20]. 

This section then provides an in-depth analysis of compound control based on the 

two widely used high-frequency signal injection methods mentioned above. 

2.1. HF Compounded with Model Reference Adaptive Method 

The model reference adaptive system (MRAS) is a common method for estimating 

rotor positions based on the fundamental wave model method [33,34]. The basic principle 

of MRAS is to use the mathematical equations containing the parameters to be estimated 

as the adjustable model and the PMSM itself, which does not contain the unknown pa-

rameters, as the reference model. The output error of the two models is used to achieve 

the tracking of the adjustable model to the reference model by designing a suitable adap-

tive law to achieve the estimation of the rotor position and speed [35–37]. The basic struc-

ture is shown in Figure 5. 

 

Figure 5. Block diagram of parallel structure MRAS. 

Reference
model

Adaptive
model

Adaptation
mechanism

+

-

εω

ud,uq,id,iq

id̂

id

iq

iq̂

ωe^


θê
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2.1. HF Compounded with Model Reference Adaptive Method

The model reference adaptive system (MRAS) is a common method for estimating
rotor positions based on the fundamental wave model method [33,34]. The basic principle
of MRAS is to use the mathematical equations containing the parameters to be estimated as
the adjustable model and the PMSM itself, which does not contain the unknown parameters,
as the reference model. The output error of the two models is used to achieve the tracking
of the adjustable model to the reference model by designing a suitable adaptive law to
achieve the estimation of the rotor position and speed [35–37]. The basic structure is shown
in Figure 5.
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In [48,49], Qin and Xu combined HF signal injection with MRAS in order to obtain rotor
position estimates in the full-speed range. Rotor position and speed signals are obtained by
the HF signal injection method at zero–low speeds, and by the model reference adaption
method at medium and high speeds. The switching of the two algorithms is achieved
by a switching method with weighting factors, which is described in detail separately in
Section 4. In [50], the error term constructed using the HF pulse injection method was
applied to correct the model reference adaptive observer, and the rapid dynamic response
performance of the adaptive observer was combined with the steady-state accuracy of
the HF injection method. The framework diagram of the compound system is shown in
Figure 6.
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The MRAS has the advantages of parameter adaption, structural simplicity and good
steady-state performance [51]. As a result, it is often used in combination with HF for
position estimation in the full-speed range. However, the performance of this algorithm
depends on the selection of the reference model and the design of the adaptive law, which
directly affect the stability and robustness of the algorithm, as well as the accuracy of the
estimation. Therefore, the design of the adaptive law has been a problem that needs to
be studied in depth in this method in order to obtain superior performance in the full-
speed range [35]. In order to improve the robustness of this algorithm, the literature [36]
proposes to combine the sliding mode algorithm with MRAS to improve the robustness of
the system. In [52], Li introduced ADRC into the adaptive law design of MRAS to improve
the estimation accuracy and increase the robustness of the system.

2.2. HF Compounded with Sliding Mode Observer

The Sliding Mode Observer (SMO) algorithm uses a switching characteristic that
makes the structure of the system change over time, allowing the control to take on a
discontinuous character [53,54]. The basic principle of the method is to build the SMO from
a mathematical model of a permanent magnet synchronous motor and to design the sliding
surface from the estimated error between the observed and actual currents [55,56]. By
measuring the estimation error of the current, the back electromotive force is reconstructed
and the rotor position and speed information is estimated using the back electromotive
force. The basic structure is shown in Figure 7.
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î î

̂

( )( )1 eq
l ig is n 

( )( )1
eq

l ig is n 

 

Figure 7. Block diagram of SMO. 

In [57,58], the HF signal injection method was combined with SMO to determine the 

rotor position. The driver not only adopted a nonlinear adaptive SMO for the estimation 

of the rotor speed, but also conducted Lyapunov stability analysis to improve the low-

speed and stationary performance of the drive. In [58], the running speed range of the 

motor was split into three sections, including a low-speed zone, transition zone and me-

dium high-speed zone, so as to realize the smooth switching of the control method of the 

whole speed range of the motor, while verifying the sudden addition load and the dis-

charge load of the transition area. In [59], a nonlinear sliding mode speed regulation 

scheme was proposed for IPMSM to be combined with the maximum torque amperome-

try trajectory. The global asymptotic stability of the controller and observer was ensured 

by Lyapunov stability analysis. As for IPMSM, Wang proposed a hybrid observation 

method based on a combination of the location error information of high-frequency signal 

injection and the anti-electric potential model method. The HF voltage signal of pulse vi-

bration was injected during low-speed operation, and the medium–high-speed operation 

obtained the information on the position error through the anti-electric potential model 

SMO, thus normalizing the position error signal captured by the two methods and merg-

ing the information in a weighted way [60]. The scheme of the hybrid methods adopted 

in these papers is shown in Figure 8. Aiming at the compound control method based on 

rotational speed or position information fusion, it shows the disadvantages of high oper-

ation complexity and the difficulty in realization. 

PI
+

+

-
VSI

-

+

- SVPWM

PI

PI

uq
*

ud
*

iq
*

ω * e

id

iq

PMSM

dq

αβ

αβ

abc

dq

αβ

SMOHF estimation

HF injection

hu

ˆ
e

MTPA

Weighted Method
1 d

dnP t

1
ˆ
e2

ˆ
e

ˆ
e

ˆ
eˆ

r

iβ

iα

uα*

uβ*

 

Figure 8. The block diagram of the rotor position hybrid observer based on HF and SMO. 

Figure 7. Block diagram of SMO.



World Electr. Veh. J. 2023, 14, 34 7 of 17

In [57,58], the HF signal injection method was combined with SMO to determine the
rotor position. The driver not only adopted a nonlinear adaptive SMO for the estimation
of the rotor speed, but also conducted Lyapunov stability analysis to improve the low-
speed and stationary performance of the drive. In [58], the running speed range of the
motor was split into three sections, including a low-speed zone, transition zone and
medium high-speed zone, so as to realize the smooth switching of the control method of
the whole speed range of the motor, while verifying the sudden addition load and the
discharge load of the transition area. In [59], a nonlinear sliding mode speed regulation
scheme was proposed for IPMSM to be combined with the maximum torque amperometry
trajectory. The global asymptotic stability of the controller and observer was ensured
by Lyapunov stability analysis. As for IPMSM, Wang proposed a hybrid observation
method based on a combination of the location error information of high-frequency signal
injection and the anti-electric potential model method. The HF voltage signal of pulse
vibration was injected during low-speed operation, and the medium–high-speed operation
obtained the information on the position error through the anti-electric potential model
SMO, thus normalizing the position error signal captured by the two methods and merging
the information in a weighted way [60]. The scheme of the hybrid methods adopted
in these papers is shown in Figure 8. Aiming at the compound control method based
on rotational speed or position information fusion, it shows the disadvantages of high
operation complexity and the difficulty in realization.
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2.3. HF Compounded with BEMF Integration Method or Flux Estimation

The BEMF integration method, or flux estimation, is an open-loop algorithm, which is
different from the two-position sensorless algorithms already described above at medium
and high speeds [61,62]. The key point of this algorithm is to obtain an accurate rotor
magnetic chain vector and to use it to derive rotor position information. The stator voltage
equation and the stator-rotor magnetic chain relationship in the α-β coordinate system of a
permanent magnet synchronous motor are used for integration and inverse trigonometric
operations to find the rotor position angle and speed [63].

ψ f = ψs − LαβIs =
∫
(Us − RsIs)dt− LαβIs (3)

θe = arctan
ψ f α

ψ f β
(4)

where ψf is the permanent magnet chain vector; ψs is the stator synthetic magnetic chain
vector; Us is the stator voltage vector; Is is the stator current vector; Lαβ is the inductance
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matrix of the motor in the α-β coordinate system; and ψfα and ψfβ are the components
of the rotor magnetic chain on the α-β axis, respectively. The basic structure is shown in
Figure 9.
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In [64,65], a hybrid structure integrating flux observer and signal injection technology
was proposed to make the rotor position signal independent of motor parameters at low
and zero speed. In [66], a single Luenberger position observer compound control method
based on the integration of standardized position error information was suggested. The
standard position error signals were captured by square-wave voltage injection and the
back-EMF model, respectively, at different speeds, and the information on the weighted
fusion of the standardized position error signals in the transition region was collected
through velocity information. In [67], when the motor remained up and running at low
speeds, the real-time three-phase inductance of the motor was obtained by the rotating HF
injection method, and the stator flux was obtained by combining the phase current. When
the motor was running at high speeds, the back-EMF filter was applied to estimate the
stator flux, according to which the DTC method based on the torque angle was combined,
the motor operation was controlled, and the hysteresis method was used to ensure the
smooth transition. In [68], through a combination of the EEMF and the HF signal injection
method, the amplitude of the signal current was adjusted to maintain sufficient EEMF
amplitude for mitigating interference. As the lower bound of the EEMF could be adjusted
according to the degree of interference, signal setting was made easier. The scheme of the
hybrid methods adopted in these papers is similar to Figure 8.

3. Compound Control Algorithm Based on I/F Control

I/F control is a frequency conversion speed control process to keep the current stable
through the current closed loop, avoiding too much or too little current []. I/F control
can directly control the torque current, which improves the ability to match the motor
output torque with the load torque and can avoid low-frequency oscillation during motor
operation. V/F control is similar to I/F control in that it is also a variable frequency speed
control strategy, but in contrast to I/F control, V/F control is open loop for both speed
and current, whereas I/F control is open loop for speed and closed loop for current. The
schematic diagram for starting and running a permanent magnet synchronous motor via
I/F control is shown in Figure 10.

At the initial start, the virtual synchronous coordinate system lags behind the synchronous
coordinate system by a π/2 electrical angle. As the virtual synchronous coordinate system
rotates, the motor rotor also starts to rotate with the virtual synchronous coordinate system. The
motor output electromagnetic torque is determined by the phase difference between the two
coordinate systems, and the motor output electromagnetic torque is shown as

Te =
3
2

npψ f i∗q cos θL (5)

The equation for the torque balance of the motor during acceleration is

Te − TL =
J

np
· dωre

dt
=

J
np
· d2θre

dt
(6)
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where iq* is the given current; J is the rotational inertia; TL is the load torque; and ωre is the
rotor electric angular velocity.
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3.1. I/F Compounded with Sliding Mode Observer

In [69,70], the I/F control method combined with a SMO composite control strategy
was presented. In order to analyze the phase relationship of the virtual synchronous
coordinate system and the rotor synchronous coordinate system used in the I/F control,
the I/F control strategy of rotational speed open loop and current closed loop was adopted
in the low-speed region of the motor. The adaptive SMO estimated the rotor flux by
introducing the electric angular velocity. Based on I/F open-loop control theory, single-
current closed-loop I/F control was achieved based on instantaneous reactive power, thus
improving the current utilization [71]. The block diagram of the rotor position compound
control methods based on I/F and SMO is shown in Figure 11.
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3.2. I/F Compounded with Flux Obsever

In [72], a hybrid sensorless control strategy integrated with an improved flux linkage
observer and the current-frequency (I-F) starting method was proposed. The I/F control
method was utilized for the stable startup and strong antijamming capability, and the
improved flux linkage observer based on the sliding-mode compensator is designed for the
closed-loop sensorless operation. An adaptive transition algorithm was designed in order
to achieve smooth operation between the two different control schemes.

4. Switching Methods

From the above sections, it can be found that the current compound control methods
mainly use one or more zero–low-speed control methods combined with one or more
methods of position sensorless control at medium and high speeds to achieve the full-speed
range of the compound control technology, so how to achieve a smooth transition and
switching between the two speed detection methods is an extremely important part of
whether the compound control can achieve reliable operation [73]. The switching control
algorithm between the two control methods is also the focus of this paper.

4.1. Weighting Factor Method

The basic principle of the weighted coefficient switching method is that when the
rotor speed is above the upper limit of the switching interval, the medium–high speed
control method is used for control; when the speed is below the lower limit of the switching
interval, the position sensorless control method at zero–low speed is used for control; and
when the estimated speed is within the switching interval, the weighted value of the results
of the two algorithms is used to ensure smooth switching of the two methods. At the same
time, the lower speed limit in the switching zone should be higher than the minimum
speed at which the control algorithm can operate at medium and high speeds, while the
upper speed limit in the switching zone should be lower than the maximum speed at
which the control algorithm can start itself at zero–low speed. To ensure that there are no
jumps in position and speed signals in the switching zone, the two methods are required
to have essentially the same speed and position errors in the switching zone [5,60]. The
block diagram of the system structure is shown in Figure 12. The estimation equation for
the rotor speed is

n̂ = Whn̂h + (1−Wh)n̂m (7)

where n̂ is the estimated speed of the compound; are the lower and upper limits of the
speed switching interval respectively; and a and b are estimated speeds at zero–low speed
and medium–high speed, respectively. The weighting factor Wh is

Wh =


1, n̂ 6 n1

n−n2
n1−n2

, n̂1 < n < n2,
0, n̂ > n2.

(8)

Although this weighted coefficient method has a simple structure and is easy to imple-
ment, in practical applications, in order to achieve reliable switching during speed changes,
both algorithms need to run all the time, resulting in a large amount of wasted hardware
and software resources, and also causing an impact on the system control performance due
to the constant injection of high-frequency signals. In [74], Zhao proposed an improvement
scheme: under the premise of ensuring the upper and lower limits of the switching interval
remain unchanged, based on the basis of the variable weighted switching algorithm, the
working interval of the two algorithms is reduced, while providing sufficient margin for
the convergence of the algorithms, and the speed and rotor position identified by the other
algorithm in real time when each algorithm starts working is used as the initial value for the
identification of the new working algorithm in order to enable the algorithm that suddenly
switches to the working state to quickly converge to a stable value. The lower limit of
the switching interval for both algorithms is set to 100 r/min, and the upper limit is set



World Electr. Veh. J. 2023, 14, 34 11 of 17

to 200 r/min. On top of this, the speed of the MRAS method is additionally set to 50 r/min
at the start of the speed rise phase, and the speed of the pulse vibration injection method
is set to 300 r/min at the start of the operation. The operation of the improved switching
algorithm in each speed interval is shown in Figure 13.
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4.2. Smooth Switching Method

The smooth switching algorithm is mostly used in the control strategy of I/F start-up.
The I/F control uses a virtual synchronous coordinate system, which has a phase difference,
θL, between it and the rotor synchronous coordinate system [69,70]. The process of smooth
switching control strategy is actually the process of adjusting the phase difference θL from an
acute angle to close to zero. The phase angle difference θL during I/F control preparation for
switching cannot be equal to zero, otherwise it will cause the motor to miss-step [71,72,75].
The ideal control strategy is shown in Figure 14.

The traditional smooth switching strategy is actually a strategy of smooth switching
by gradually adjusting the given angle of the virtual synchronous coordinate system in
the IF control. However, due to the “torque-work angle self-balancing” principle, the
virtual synchronous coordinate system can never “catch up” with the rotor synchronous
coordinate system. In order to solve this problem, in [8], Liu proposed a smooth switching
strategy by adjusting the amplitude of the virtual qv-axis current given indirectly to adjust
the phase difference θ between the two coordinate systems at heavy load, and by adjusting
the virtual qv-axis and virtual d-axis current given simultaneously at no load or light load.
This improved switching strategy has a wider range of application, and at the same time,
in this improved switching strategy, the synthetic current vectors of the qv and dv axes have
a larger phase difference with the q-axis of the rotor synchronous coordinate system, such
that this switching strategy is more resistant to disturbances and has a lower risk of motor
miss-steps. The improved switching strategy is shown in Figure 15.
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4.3. Hysteresis Loop Switching Method

The hysteresis loop switching strategy is shown in Figure 16. When the speed rises to
|ωeH|, the estimated position is quickly switched from the position sensorless estimation
algorithm at zero–low speed to the position sensorless estimation algorithm at medium
and high speed within a certain time Tsw. The switching process uses a smooth transition
strategy as

θ̂e = ghθ̂h + (1− gh)θ̂m (9)

ω̂e = ghω̂h + (1− gh)ω̂m (10)

where θ̂hf, ω̂hf are the estimated position and speed obtained by the zero–low-speed
sensorless estimation algorithm, respectively; and ghf = t/Tsw, where 0 ≤ t ≤ Tsw.
The zero–low-speed sensorless estimation algorithm can be removed when all positions
estimated by the medium- and high-speed sensorless estimation algorithm are used in
order to reduce losses, noise, etc. To avoid the problem of switching back and forth
between the two methods due to speed fluctuations, a hysteresis loop strategy is designed
so that the position-free estimation algorithm at medium and high speeds is switched
to the position sensorless estimation algorithm at zero–low speed, only when the speed
is below |ωeL|. As |ωeL|<|ωeH|, it can avoid switching back and forth between the two
methods at two switching points and improve the smoothness of speed operation at the
switching point [76,77].
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5. Conclusions

This article reviews the two main types of state-of-the-art compound control based
on high-frequency signal injection, and compound control based on IF algorithms without
position sensors and their switching algorithms. The advantages and disadvantages of
compound control combined with MRAS, SMO, BEMF, et al. are presented under com-
pound control based on the HF signal injection method and I/F control, and the position
estimation process is illustrated with examples. In addition, the advantages and disadvan-
tages of the various switching algorithms in the compound control algorithm are presented.
The following points can be drawn from the content of the sections set out above:

1. The high-frequency signal injection method has many advantages, but there are also
problems of long convergence time, poor dynamic performance and small stability
range. For compound control, the advantages of the high-frequency signal injection
method inherit many disadvantages, which can have more or less impact on the
estimation accuracy and other aspects in the compound control process. Therefore
more advanced high-frequency signal injection methods should be studied to improve
the reliability of the dynamic range of motor compound control estimation.

2. I/F control is simple in structure, easy to implement, and has the advantages of
smooth start-up and no current overcharge. It is the current start-up strategy for
most position sensor-free control at medium and high speeds. However, the basic
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I/f control strategy is an open-loop scheme with disadvantages, such as the current
amplitude and frequency cannot be automatically adjusted, and there is a tendency to
lose steps, and the speed is easily disturbed, so its improvement will largely improve
the performance of the compound control.

3. There is a wide variety of control strategies for position sensorless control at high
speeds, each with its own advantages, but also some shortcomings. So, the im-
provement of such algorithms will greatly improve the performance of the current
compound control.

4. Switching algorithms play a pivotal role in compound control. In the current research
field of compound control, whether based on HF control or I/F control, switching
strategies are required. Most of the switching algorithms commonly used today have
the advantages of, for example, simpler methods and relatively stable algorithm
switching, but their switching smoothness is not ideal, which means that the exist-
ing switching algorithms should be improved to achieve smoother and more stable
switching, or smoother and more stable switching algorithms should be developed to
meet the current high demand for motor position estimation.
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