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ABSTRACT: To solve the issue of chattering that occurs during the estimation of the rotor position in the permanent magnet-assisted
synchronous reluctance motor using the conventional sliding mode observer (SMO), the saturation function is used in this paper instead
of the original sign function to reduce its jittering effect; to solve the problem of phase delay caused by the low-pass filter (LPF), the
adaptive law is implemented as a substitute for the LPF. This allows for a smoother back electromotive force and eliminates the need
for position compensation caused by phase delay; finally, the phase-locked-loop (PLL) technique is used to extract more accurate rotor
position information. A 3 kW permanent magnet-assisted synchronous reluctance motor is taken as the control object, and a simulation
model of the control system is established. The results show that the improved saturation function adaptive SMO has higher level of
accuracy in estimating rotor position information than the conventional SMO.

1. INTRODUCTION

Permanent Magnet Assisted Synchronous Reluctance Motor
(PMA-SynRM) was firstly proposed by Italian scholars Va-

gati et al. [1], and PMA-SynRM was not well developed due
to the limitation of process and material level at that time. Due
to the scarcity of rare earth resources, the PMA-SynRM, which
has a low dependence on rare earths, a wide speed range, and
high-power density, has once again become a research hotspot.
It is widely used in fields such as electric vehicles, aerospace,
and medical devices [2–4].
PMA-SynRM is a kind of motor that combines the advan-

tages of permanent magnet synchronous motor (PMSM) and
synchronous reluctancemotor (SynRM), which has the features
of lower cost, large pole-to-pole ratio, high power density, and
easy control of demagnetization current [5–8]. In terms of con-
trol, PMA-SynRM is based on reluctance torque, supplemented
by the permanent magnet torque, and often adopts the Maxi-
mum Torque per Ampere control method [9]. The vector con-
trol of the PMA-SynRM often adopts the installation of rotary
transformers or photoelectric encoders on the shaft to obtain
the rotor position information, which will increase the cost of
production of the motor and reduce the reliability of the mo-
tor drive system [10]. Therefore, the position sensorless vector
control of PMA-SynRM has become a research direction.
In recent years, the position sensorless control of PMA-

SynRM has been widely studied by scholars. Studies have
shown that different algorithms are often used in different speed
domains: at zero and low speeds, the pulse signal injection
method is usually used to obtain the position information of
the rotor from the stator current because the motor generates
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a small back electromotive force, and the signal is not obvi-
ous [11]. At medium and high speeds, due to the more pro-
nounced back electromotive force of the motor and magnetic
chain, methods based on the fundamental wave model include
the Extended Kalman Filter method, Model Reference Adap-
tivemethod, and SlidingModeObserver (SMO)method, which
are widely used. Among them, sliding mode works by bringing
the dynamic state of the system to the sliding surface and then to
the center point [12]. Sliding mode observer has the character-
istics of insensitivity to parameters and good robustness, which
is more suitable for permanent magnet-assisted synchronous re-
luctance motors with large convex pole ratio. Some scholars
have directly applied the sliding mode observer technique and
vector control strategy to the PMA-SynRM position sensorless
speed control of a direct-drive washing machine, and the results
show that it has a certain degree of engineering practicability
[13], and the literature uses the sliding mode observer and high-
frequency signal injection to carry out sensorless control of fer-
rite permanent magnet-assisted synchronous reluctance motors
over a wide speed regulation range [14].
However, the inherent chattering problem of the conven-

tional SMO and the phase compensation problem brought by
the low-pass filter will increase the energy consumption and
computational burden of the system and affect the estimation
accuracy. In order to improve this problem, some scholars have
used segmented exponential function to replace the sign func-
tion in the conventional sliding mode observer, which effec-
tively weakens the chattering phenomenon of the conventional
sliding mode observer; some scholars have also used the super-
helix algorithm to design an improved sliding mode observer
for the position sensorless control of the PMA-SynRM, and the
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FIGURE 1. Schematic of the structure of PMA-SynRM.

results show that it has a good anti-chattering property and dy-
namic and static performance [15, 16]. However, the existence
of Low-Pass Filter (LPF) makes the obtained back electromo-
tive force still have high frequency harmonics, and in order to
improve the problem, [17] designed a two-stage filtering struc-
ture combining a variable cutoff frequency low-pass filter and
a modified back electromotive force observer in a sliding mode
observer, which improves the adaptive capability of the low-
pass filter in the case of high-frequency harmonic variations of
the back electromotive force, but there is still a position com-
pensation link in the process of rotor calculation.
In this paper, a new improvement strategy is proposed to

solve the problem of chattering and phase delay caused by
low-pass filter in the sliding mode observer algorithm. In this
method, firstly, the saturation function is proposed to replace
the conventional sign function to reduce chattering, then the
back electromotive force adaptive law is introduced to replace
the low-pass filter so that the sliding mode observer obtains a
better back electromotive force. Finally, the phase-locked-loop
technique is used to extract more accurate rotor position infor-
mation.

2. MATHEMATICAL MODEL OF PMA-SynRM
The structure of the permanent magnet-assisted synchronous
reluctance motor and the schematic definition of the d and q
axes are shown in Fig. 1.
In order to facilitate the analysis of the motor’s characteris-

tics, assumptions are made about the mathematical model in the
ideal state of PMA-SynRM:

(1) Neglect motor core saturation and hysteresis loss;

(2) Only the fundamental wave is considered, and the higher
harmonics are not considered;

(3) The three-phase windings are symmetrical to each other.

Equation (1) is the mathematical model expression for PMA-
SynRM in a two-phase stationary coordinate system:[
uα
uβ

]
=

[
Rs +

d
dtLq −ωe (Ld − Lq)

ωe (Ld − Lq) Rs +
d
dtLq

] [
iα
iβ

]
+

[
Eα

Eβ

]
(1)

where iα, iβ and uα, uβ are the stator current and stator voltage
in the stationary coordinate system; Rs is the stator resistance;
ωe is the rotor angular velocity; Ld and Lq are the d, q induc-
tances; Eα and Eβ are the components of the extended back
electromotive force in the α, β axes, and as shown in Eq. (2):[

Eα

Eβ

]
=

[
(Ld − Lq)

(
ωeiq +

d
dt
id

)
+ ψfωe

] [
cos θe
sin θe

]
(2)

where ψf is the magnetic chain generated by the permanent
magnets of the motor rotor.
From Eq. (2), it is evident that the extended back electromo-

tive force encompasses both the electric angular velocity and
angle of the motor. Therefore, the utilization of a sliding mode
observer enables the estimation of the back electromotive force,
electric angular velocity, and angle position information of the
motor.

3. DESIGN OF CONVENTIONAL SMO FOR PMA-
SYNRM

3.1. Fundamentals of the Conventional SMO
The design of the sliding mode observer is based on the calcula-
tion of the error between the reference current and the feedback
current of the motor. This error value is utilized to create a
sliding mode surface, which is then used in conjunction with a
high-frequency switching signal generated by the sign function.
The purpose of this approach is to facilitate the rapid conver-
gence of the estimated current of the motor to the actual current.
By doing so, the back electromotive force of the motor can be
obtained, enabling the estimation and calculation of the rotor
position.
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FIGURE 2. Block diagram of the conventional SMO.

The design of the conventional sliding mode observer uses
the sign function to reconstruct the mathematical model of the
motor Eq. (1) to obtain Eq. (3)

d
dt

[
iα
iβ

]
=

1

Lq

[
−Rs ωe (Ld − Lq)

−ωe (Ld − Lq) −Rs

] [
iα
iβ

]

+
1

Lq

[
uα
uβ

]
− 1

Lq

[
Eα

Eβ

]
(3)

Construct the conventional SMO as shown in Eq. (4):

d
dt

[
îα
îβ

]
=

1

Lq

[
−Rs ωe (Ld − Lq)

−ωe (Ld − Lq) −Rs

] [
îα
îβ

]

+
1

Lq

[
uα
uβ

]
− 1

Lq

[
vα
vβ

]
(4)

where ω̂e is the observed values of themotor’s electrical angular
velocity; îα and îβ are the observed values of the stator current;
uα and uβ are the observer inputs. In the conventional sliding
mode observer, the sign function is chosen as the control con-
vergence law; vα and vβ are the estimated back electromotive
force, respectively, whose expression is shown in Eq. (5).

[
vα
vβ

]
=

 hsgn
(
îα − iα

)
hsgn

(
îβ − iβ

)
 (5)

where h is the sliding mode gain coefficient. Define the stator
current error as the sliding mode surface as shown in Eq. (6):

sα,β =

[
îα − iα
îβ − iβ

]
(6)

Making a difference between Eq. (3) and Eq. (4) gives Eq. (7)
as:

d
dt

[
ĩα
ĩβ

]
=

1

Lq

[
−Rs ωe (Ld − Lq)

−ωe (Ld − Lq) −Rs

] [
ĩα
ĩβ

]

+
1

Lq

[
Eα

Eβ

]
− 1

Lq

[
vα
vβ

]
(7)

where ĩα = îα − iα and ĩβ = îβ − iβ are the stator current
observation error. According to the sliding mode equivalent
control theory, Eq. (8) can be obtained when the current error
ĩα = 0, ĩβ = 0.

[
eα
eβ

]
=

[
vα
vβ

]
=

 hsgn
(
îα − iα

)
hsgn

(
îβ − iβ

)
 (8)

where eα and eβ are the back electromotive force obtained by
the sliding mode observer.
The sign function in the conventional SMO leads to the pres-

ence of high harmonics in the signal, which needs to be filtered
and processed by an LPF before position estimation, as shown
in Eq. (9). [

êα
êβ

]
=

ωc

s+ ωc

[
vα
vβ

]
(9)

Due to the presence of an LPF, a phase delay in the angle oc-
curs, necessitating the need for angle compensation. The com-
pensated rotor position and electrical angular velocity can be
mathematically represented as Eq. (10)

θ̂eq = arctan( êβêα )
θ̂e = θ̂eq + arctan( ω̂e

ωc
)

ω̂e =
∫
θ̂edt

(10)

In conclusion, the block diagram illustrating the structure
of position sensor-less vector control for a permanent magnet-
assisted synchronous reluctancemotor with a conventional slid-
ing mode observer is depicted in Fig. 2.

3.2. Problem Analysis of SMO
From the principle of the sliding mode observer, it is evident
that the sign function in the conventional sliding mode observer
introduces a significant chattering effect on the system. There-
fore, the implementation of a low-pass filter is necessary to
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FIGURE 3. Schematic diagram of the sign and saturation function curve.

mitigate this effect during the filtering process. In the filter-
ing process, the implementation of a low-pass filter is neces-
sary to suppress high-frequency signals and decrease their am-
plitude. However, the introduction of this filter also results in
a certain delay, causing a phase lag phenomenon between the
high-frequency signals and the low-frequency signals. In this
process, the frequency response of the low-pass filter can be
considered as a decaying function, resulting in a greater sup-
pression of the amplitude of high-frequency signals than low-
frequency signals. As a consequence, high-frequency signals
encounter increased latency as they traverse the filter, leading
to a phase lag in the signal. The effectiveness of the low-pass
filter in reducing chattering is limited and necessitates the incor-
poration of a phase compensation link. This addition increases
the computational burden of the system and has the potential to
decrease the accuracy of system estimation.

4. ADAPTIVE SMO DESIGN FOR PMA-SYNRM

4.1. Design of the Sliding Mode Function
In order to attenuate the chattering effect of the system and for
ease of computation, the sign function in Eq. (5) is replaced
with a saturation function as shown in Fig. 3.
In the control system based on saturated function with sliding

mode observer, the stability of the control system is analyzed
according to Lyapunov stability criterion, and Eq. (7) is further
calculated to obtain Eq. (11).

d
dt

[
ĩα
ĩβ

]
=

1

Lq

[
−Rs ωe (Ld − Lq)

−ωe (Ld − Lq) −Rs

] [
ĩα
ĩβ

]

+
1

Lq

[
uα − vα
uβ − vβ

]
(11)

Rewriting Eq. (11) into the form of Eq. (12), the

ṡ = As+B(e− hZ(sαβ)) (12)

where A =

[
−Rs

Lq
ωe(Ld−Lq)

Lq

−ωe(Ld−Lq)
Lq

−Rs

Lq

]
, B =

[
1
Lq
1
Lq

]
,

and the back electromotive force is e =

[
eα
eβ

]
. According

to the Lyapunov stability criterion, the Lyapunov function is
shown in Eq. (13).

V (x) =
(sαβ)

2

2
(13)

If the condition
{
V̇ (x) = sαβ ṡαβ < 0
limx→∞ sαβ = 0

is satisfied, then

the system will gradually stabilize on the sliding mold surface.

V̇ (x) = AsTαβsαβ +BsTαβ(e− hZ(sαβ)) < 0 (14)

When BsTαβ(e− hZ(sαβ)) < 0 that satisfies V̇ (x) < 0, the
range of sliding mode gain coefficients is derived:

h > max(|eα|, |eβ |) (15)

The system is stabilized when h satisfies Eq. (15).

4.2. Design of the Adaptive Law for Back Electromotive Force
In the saturated function SMO, it has been observed that the uti-
lization of a low-pass filter still gives rise to the occurrence of
angular phase delay. The cutoff frequency of the low-pass filter
is dependent on the angular frequency of the real-time signal.
Therefore, when the angular frequency of the motor, specif-
ically the motor speed, varies, it becomes necessary to rese-
lect the cutoff frequency and calculate the compensation angle.
This results in an increase in the computational workload of
the system. In this paper, the back electromotive force adap-
tive law is designed to effectively eliminate the high-frequency
component while avoiding the problem of angle compensation.

Because the rate of change of motor angular velocity is much
smaller than the rate of change of stator current, it can be set to
dωe

dt = 0, and the model of the back electromotive force of the
permanent magnet-assisted synchronous reluctance motor can
then be expressed as Eq. (16).{ deα

dt = −ωeeβ
deβ
dt = ωeeα

(16)

According to Eq. (16), the design of the back electromotive
force adaptive law is as follows:

dêα
dt = −ωeêβ − k(êα − eα)
dêβ
dt = ωeêα − k(êβ − eβ)
dω̂e

dt = ẽαêβ − ẽβ êα

(17)
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where ẽα = êα−eα, ẽβ = êβ−eβ , k is an adjustable parameter,
and Eq. (16) and Eq. (17) are differenced to obtain Eq. (18).


dẽα
dt = −ω̃eêβ − kẽα − ωeẽβ
dẽβ
dt = ω̃eêα − kẽβ + ωeẽα
dω̃e

dt = ẽαêβ − ẽβ êα

(18)

where the electrical angular velocity error ω̃e = ω̂e − ωe.
The stability analysis of the designed adaptive back electro-

motive force is conducted based on the Lyapunov stability cri-
terion, which characterizes the function as follows:

V =
ẽ2α + ẽ2β + ω̃2

e

2
(19)

To make V̇ = −k(ẽ2α + ẽ2β) ≤ 0, k > 0 only need to satisfy

when V̇ < 0, so the adaptive back electromotive force adaptive
law satisfies the Lyapunov criterion and has asymptotic stabil-
ity.

4.3. Position Estimation
In SMO, the rotor position can be calculated using an inverse
tangent function. In order to eliminate the effect of harmon-
ics and high frequency chattering, the rotor position can be
calculated by Phase-Locked Loop (PLL) technique with error
feedback and cancellation capability, whose block diagram is
shown in Fig. 4.
The input of the phase-locked loop is the motor’s equiva-

lent back electromotive force, which is extracted by the sliding
mode observer. The phase-locked loop not only improves the
electrical angular velocity of the rotor and the accuracy of po-
sition information, but also accurately tracks the actual operat-
ing state of the motor. When phase-locked loop technology is
utilized to process the equivalent back electromotive force, the
error signal of the back electromotive force is represented as
Eq. (20).

∆e = êβ cos θ̂e − êα sin θ̂e

≈ êβ cos θ̂e − êα sin θ̂e

≈ k sin(θe − θ̂e) (20)
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TABLE 1. Parameters of PMA-SynRM.

Parameter/Unit Value Parameter/Unit Value
Pole pairs 3 Rotor resistance/Ω 2.8

Rated power/kW 3 Inertia/J 0.002
Rated torque/N ·m 9.5 Ld/mH 19.7
Rated speed/r/min 3000 Lq/mH 5.3
rated voltage/V 380 ψf/Wb 0.19

The rotor error θe − θ̂e ≤ π
6 , ∆e ≈ k(θe − θ̂e) = k∆θe is

obtained as the transfer function to

GPLL =
θ̂e
θe

=
kps+ ki

s2 + kps+ ki
(21)

where kp and ki are the proportional and integral gains of PLL.
The error is mediated by the Proportional and Integral (PI) to
obtain the rotor’s electrical angular velocity, and the angular
position information can be obtained by integrating the angle.
In summary, this paper presents the design of a satura-

tion function and the back electromotive force adaptive law
SMO for a control system of a permanent magnet assisted syn-
chronous reluctance motor without a position sensor. The sys-
tem is illustrated in Fig. 5.

5. SIMULATION RESULTS ANALYSIS
In order to verify the correctness and effectiveness of the
proposed algorithm, this paper builds the ontology simula-
tion of PMA-SynRM and its control model under the MAT-
LAB/Simulink environment. It then proceeds to compare and

analyze the conventional saturated-function SMO algorithm
and the saturated-function adaptive SMO algorithm respective
ly. The motor parameters are shown in Table 1.
The simulation results of the PMA-SynRM position sensor-

less control system based on the conventional SMOwith satura-
tion function and the improved SMO combining the saturation
function with the adaptive law of back electromotive force are
shown in the following figures.
Figures 6 and 7 depict the performance comparison of the

motor under sudden torque change conditions when it is con-
trolled by the conventional saturated function SMO and im-
proved SMO, respectively. The motor is given a reference
speed of 1000 r/min, and the load torque mutates from 5N ·m
to the rated torque of 9.5N ·m in 0.4 s. From Fig. 6, it is evident
that the improved SMO estimation of the rotational speed ex-
hibits a smoother profile and has less chattering effect than the
conventional saturated function SMO. Fig. 7(a) demonstrates
that the speed error of the conventional saturated function SMO
stays within ±5 r/min after stabilization, and Fig. 7(b) demon-
strates that the improved SMO can stabilize the speed error to
within±0.5 r/min. The improved SMO improves the speed ac-
curacy of the whole control system by 90%, which proves that
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the improved SMO designed in this paper still maintains good
dynamic performance after a sudden change of torque, and the
estimated speed value is more accurate.
Figure 8 shows the comparison of the back electromotive

force waveforms of the motor at the simulation condition of
1000 r/min reference speed and 5N ·m load torque. From
Figs. 8(a) and (b), it can be observed that the observed back
electromotive forces are close to sinusoidal waveforms. To fur-
ther verify that there is less chattering and harmonics in the
back electromotive force observed by the improved SMO, fast
Fourier transform (FFT) harmonic analysis is performed when
the speed tends to be stabilized. Fig. 8(c) represents the har-
monic analysis of the conventional saturated function SMO,
and the total harmonic component of the back electromotive
force is THD = 14.20%. Fig. 8(d) shows the harmonic analysis
of the improved SMO, and the total harmonic component of the
back electromotive force is THD = 9.80%. The harmonic con-
tent is reduced by a total of 4.4%, providing evidence that the
improved SMO demonstrates a decrease in harmonic content
of the back electromotive force. This improvement effectively
enhances the estimation accuracy of the system.

Figure 9 shows the position estimation tracking and error re-
sults when the motor is running stably at 1000 r/min, and the
load torque is 5N ·m. The results are shown in Fig. 9(a). From
the figure, it can be seen that the angle tracking effect is good,
and the error between the estimated and actual angles of the
rotor position in Fig. 9(a) is about 5◦, while the error between
the estimated and actual angles of the rotor position in Fig. 9(b)
is about 0.7◦. The simulation results show that the improved
adaptive sliding mode observer control system makes the po-
sition estimation accuracy increase by 86%, which proves the
feasibility and effectiveness of the adaptive sliding mode ob-
server control system proposed in this paper.

6. CONCLUSION
In this paper, an adaptive SMO based on saturated function is
proposed as a position sensorless control scheme for perma-
nent magnet-assisted synchronous reluctance motor. Firstly,
the conventional sign function is substituted with the satura-
tion function, which effectively suppresses the chattering prob-
lem of the conventional SMO by utilizing its boundary layer
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saturation property. Secondly, the introduction of the back
electromotive force adaptive law, in conjunction with the re-
placement of the conventional low-pass filter, effectively im-
proves the phase delay and phase compensation issues associ-
ated with the LPF. The stability conditions are determined by
assessing its stability using the Lyapunov criterion. Finally,
a more precise determination of the motor rotor position is
achieved through the utilization of PLL technology. The simu-
lation results demonstrate that the improved SMO, designed in
this study, exhibits superior dynamic steady-state performance
compared to the conventional SMO control system. The algo-
rithm presented in this paper enhances the accuracy of speed
estimation by 90% and position estimation by 86%, thereby es-
tablishing the feasibility and effectiveness of the proposed ap-
proach.
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