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Abstract

In order to improve the accuracy and stability of sensorless control system of permanent magnet
synchronous motor, considering the influence of external load torque on system performance, the
symbol function of the sliding mode control system of the vehicle permanent magnet synchronous
motor is prone to severe buffeting and the robustness of the traditional PI control is very insuffi-
cient.. In this paper, a method of combining Non-singular Fast Terminal Sliding Mode (NFTSM)
and Model Reference Adaptive System (MRAS) is proposed. A Non-singular Fast Terminal Slid-
ing Mode Controller (NFTSMC) is designed. A control strategy combining NFTSMC and Model
Reference Adaptive System Observer (MRASO) (NFTSMC-MRASO) converts the observed torque
value into torque current feedforward compensation to the current loop input. The method can
convert the observed torque value into torque current feedforward compensation to the input end of
the current loop, avoid large sliding mode gain, and overcome the system buffeting problem when
the external disturbance is suddenly added. At the same time, the system robustness is improved
under the premise of suppressing chattering.

Keywords: Permanent magnet synchronous motor, Buffeting; Robustness, Non-singular fast
terminal sliding mode, Model reference adaptive system.

1 Introduction
In recent years, power electronics technology has developed rapidly. Permanent Magnet Syn-

chronous Motor (PMSM) has the advantages of small size [1, 2, 3], light weight, high power density and
large starting torque, and has been widely used in automobile, aerospace, robot and other fields.The
symbol function of vehicle PMSM sliding mode control system is prone to serious chattering and the
robustness of traditional PI control is very insufficient. Considering the influence of external load
torque on system performance, a more suitable control method needs to be found in order to improve
the accuracy and stability of sensorless control system of permanent magnet synchronous motor.

PMSM vector system in order to obtain high-performance dynamic and static operation quality
[4, 5, 6], it is necessary to obtain accurate speed and position information through mechanical sensors
[7], but PMSM usually works in harsh environments, and mechanical sensors are prone to environ-
mental failure, thereby reducing the reliability of the system.As a variable structure nonlinear control
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method, sliding mode control [8, 9, 10, 11, 12] has the advantages of fast response and strong robust-
ness compared with traditional PI control, and is not sensitive to internal parameters and external
disturbances, so it is widely used in PMSM speed regulation system. But one of the main disadvan-
tages of sliding mode control is that chattering occurs when the system state variable moves near
the sliding mode surface. To solve the buffeting problem has become a hot research issue in sliding
mode control.The appearance of sensorless control technology [13, 14] has solved the above problems.
Experts and scholars have carried out a lot of research on sensorless control technology. At present,
sensorless control technology is mainly divided into two categories: one is high frequency signal in-
jection method [15, 16], which is only applicable to zero speed and low speed; The other is observer
method [17], which mainly includes sliding mode observer [18], extended Kalman filter [19] and model
reference adaptive system observer (MRASO) [20]. Among them, MRASO is widely used because of
its simple structure and small calculation amount, but its internal proportional integration is sensitive
to internal and external disturbance parameters of the system, and there is a problem of insufficient
robustness. For this reason, outstanding achievements have been made in the process of studying the
model reference adaptive system observer in the world. A typical MRASO based on fuzzy PI improves
the dynamic performance of the system by adjusting the coefficient of PI in real time through fuzzy
rules [21]. However, the introduction of fuzzy algorithm undoubtedly increases the calculation amount
of the system; A sliding mode variable structure model reference adaptive system observer based on
saturation function, introducing sliding mode control to replace the original PI control, improving the
robustness of the system, but smooth saturation function can not guarantee the convergence of the
system state, which is not conducive to the stability of the system; The superspiral algorithm (FSTA)
and model reference adaptive system (MRAS) are combined to improve the robustness of the system
under the premise of suppressing chattering [22]. However, the traditional superspiral algorithm can
not deal with linear growth disturbance effectively.

In order to solve the above problems, this paper combines NFTSM and MRAS, and designs a
control strategy combining non-singular fast terminal sliding mode controller and model reference
adaptive system observer (NFTSMC-MRASO), which is used to estimate motor speed and rotor posi-
tion. The method can convert the observed torque value into torque current feedforward compensation
to the input end of the current loop, avoid large sliding mode gain, and overcome the chattering prob-
lem of the system when the external disturbance is suddenly added. At the same time, the system
robustness is greatly improved under the premise of suppressing chattering.

2 Mathematical model of PMSM
Permanent magnet synchronous motor (PMSM) is a nonlinear [23], multi-variable, strong coupling

complex system. Ignoring the effects of core saturation, hysteresis loss and eddy current loss, and
because the stator inductance of PMSM is Ld = Lq = Ls, the dynamic mathematical model of PMSM
in the rotating coordinate system is{ did

dt = − R
Ls

id + ωeiq + ud
Ls

diq

dt = − R
Ls

iq − ωeid − ϕf

Ls
we + uq

Ls

(1)

Where, id, iq, ud, uq, Ld and Lq are the stator current, stator voltage and stator inductance in d-q
coordinate system respectively; ωe, R, and ϕf are the electric angular speed, stator resistance and
rotor permanent magnet flux, respectively.

For the surface mounted permanent magnet synchronous motor [24], using the vector control
method with id = 0, the equation of motion can be expressed as{

J dωm
dt = Te − TL − Bωm

Te = 1.5piqφf
(2)

Where, Te, TL , p and ωm are respectively electromagnetic torque, load torque, number of poles
and mechanical angular velocity.
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3 Design of NFTSM-MRASO

3.1 Principle of MRASO

The observer of model reference adaptive system mainly consists of a reference model [21], an
adjustable model and an adaptive law. The reference model does not contain the parameters to be
estimated, and the adjustable model contains the parameters to be estimated. When the system
works, the output of the two models has the same physical meaning. Then according to the output
error between the two models, a reasonable adaptive law is designed to update the parameters of the
adjustable model, so that the output error between the two models tends to zero when the system
reaches the steady state.

The basic structure diagram of MRASO is shown in Figure 1.

Figure 1: MRASO Structure Diagram

3.2 Design of MRASO

According to the principle of MRASO, reference model and adjustable model are set respectively
for dynamic mathematical model.

First, let: 
i′
d = id + φf

Ls

i′
q = iq

u′
d = ud + Rφf

Ls

u′
q = uq

(3)

Set the reference model according to Equation (1), expressed as[di′
d

dt
di′

q

dt

]
=
[
− R

Ls
ωe

−ωe − R
Ls

] [
i′
d

i′
q

]
+
[

1
Ls

0
0 1

Ls

] [
u′

d

u′
q

]
(4)

Meanwhile, according to Equation (4), the adjustable model setting is expressed as d̂i′
d

dt
d̂i′

q

dt

 =
[
− R

Ls
ω̂e

−̂ωe − R
Ls

] [
î′
d

î′
q

]
+
[

1
Ls

0
0 1

Ls

] [
u′

d

u′
q

]
(5)

Where, variables withˆdenote the corresponding estimated value.
By subtracting Equations (4) and (5), we can obtain:
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
d
dt

∝
i′
d

d
dt

∝
i′
q

 =
[
− R

Ls
ωe

−ωe − R
Ls

]
∝
i′
d

∝
i′
q

+


0 ∝

ωe

∝
−ωe

0


[
î′
d

î′
q

]
(6)

Rewrite Equation (6) as

d
dt

∝
i′
s

= −F
∝
i′
s

− G (7)

Where,F =
[
− R

Ls
ωe

−ωe − R
Ls

]
; G =


0 ∝

ωe

∝
−ωe

0


[
î′
d

î′
q

]
.

According to Popov’s hyperstability theory [25], for the system to be stable, the estimated speed
ω̂e and rotor position θ̂e should be expressed asω̂e =

[
Kp + Ki

S

] [
idîq − iq îd − φf

LS

(
iq − îq

)]
θ̂e =

∫
ω̂edt

(8)

3.3 Design of NFTSMC

According to Equation (8), the speed information of the traditional MRASO is obtained through
the PI controller. However, in practical engineering applications, PI has the problem of insufficient
robustness, so the sliding mode controller is used to replace the original PI controller.

Define sliding mode surface as follows.

S = i′
dî′

q − i′
q î′

d (9)

According to the equivalent principle of sliding mode control [26], when the system enters the
sliding mode, that is, S = Ṡ = 0 , and combined with Equation (3), the following can be obtained:

ωeq = ωe +
2R
LS

(
îdiq − idîq

)
+
(

Rφf

L2
S

− ud
LS

)(
iq − îq

)
+ uq

LS

(
id − îd

)
(

φf

LS

)2
+ (id+îd)φf

LS
+ iq îd + idîq

(10)

According to Equation (10), when the system enters the sliding mode, that is to say, the currents
of the reference model and the adjustable model are equal, that is, ωeq = ωe. The estimated speed is
expressed as

ω̂e = χsign (S) (11)
Where, χ is the sliding mode gain; sign(S) is the sign function.
As can be seen from Equation (11), the estimated speed contains discontinuous switching functions,

which will cause a large number of buffeting phenomena in the system, and it is usually necessary to
introduce a first-order low-pass filter for filtering processing, but this increases the complexity of the
system.

Therefore, the non-singular fast terminal sliding mode algorithm is used to avoid large sliding
mode gain and solve the buffeting problem of the system.

Firstly, it is known from the above that the estimated speed of the motor is ω̂e , and the actual
speed of the motor is ωe , and the speed error and its rate of change can be obtained:{

e = ω̂e − ωe

ė = ˙̂ωe − ω̇e
(12)

The expression of Non-singular Fast Terminal Sliding Mode-Controller (NFTSMC) is constructed

S (x) = e + 1/θėp/q + γ |e|m (13)
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Where S (x) is a sliding surface; x is the system state; θ > 0 ;p and q are both odd numbers greater
than 0, and q < p < 2q; m > 0.

Setting S = 0, the rate of change of the velocity error is obtained as

ė = [θ (−e − γ |e|m)]q/p (14)

From the Equation (14), it can be seen that when the system error is moved close to the sliding
mode, the error convergence speed depends on the index item. When the system error is close to the
balance point, the error convergence speed mainly depends on the linear item, ensuring the global
convergence speed, which guarantees the global convergence speed.

Based on the traditional power reaching law, the fast power reaching law is established. This new
power reaching law maintains the advantages of the traditional power reaching law, further accelerates
the global convergence rate and restrains the system buffeting. Its specific form is given, as follows:

Ṡ = −C |S|α sgn (S) − ε |e|β S (15)

Where, ε > 0 , α > 1 and β ≥ 1 . In addition, the definitions of the state variable x1 and the
sliding surface S are still as described above. According to Equation (15), the first term of the improved
variable exponential reaching law is the power reaching law, and the second term is the product of an
exponential term εS and a power function |x1|β of the state variable. This reaching law is called the
variable exponential reaching law, and the reaching advantages of the system are as follows: When
the system is far away from the sliding surface, the power term and the variable exponential term
work together to speed up the reaching rate and shorten the reaching time. By introducing the state
variable, the chattering problem caused by the exponential term can be weakened. When the system
is close to the sliding surface, the value of the latter term is very close to 0, so the convergence rate of
the system motion state to the sliding surface is mainly determined by the power term, which ensures
the global convergence rate.

However, by analyzing the reaching law, it is easy to find that sgn (S) is a discontinuous function,
and the reaching law still has a quantity −C |S|α sgn (S) that causes chattering. By decreasing the
value of the coefficient C, the chattering of the system can be reduced, but at the same time, it will
reduce the speed of the system state variable reaching the sliding mode surface, prolong the stability
time of the system, and reduce the control performance of the system. In order to further suppress the
chattering problem of the system, the above reaching law is further improved by using a sine saturation
function instead of sign function. The saturation function method, also known as the boundary layer
method, uses the boundary layer principle to make the system into a continuous system, and the
expression of the new sine saturation function is

sat (S, ∆) =
{

sgn (S) |S| ≥ ∆
sgn (λS) |S| < ∆ (16)

Where, ∆ is the thickness of the boundary layer,λ = π/2∆ . In this way, the switching control is used
outside the saturation layer, and the linear control is used inside the saturation layer, which not only
ensures the convergence speed, but also reduces the chattering caused by high-frequency switching,
and ensures the tracking performance of the motor in medium and low speed occasions.

Then, combined with Equations (2), (13) and (15), the new non-singular fast terminal sliding mode
control law is as follows.

iq = J

1.5npφm

∫ (
θq

p
ė2−p/q

(
1 + γm |e|m−1

)
+ C |S|α sat (S) + ε |e|β S + TL

J
+ B

J
ωmdt

)
(17)

3.4 Stability proof of NFTSMC

The Lyapuov stability condition [27] is used to illustrate it. Now define a Lyapuov function V (x)
with first-order partial derivatives as follows

V (x) = 1/2S2 (18)
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Taking the derivative yields:
V̇ (x) = SṠ (19)

Equation (13) shows that:

Ṡ = ė + p

θq
ėp/q−1ë + γm |e|m−1 ė = ė + p

θq
ėp/q−1

(
−3pnφm

2J
i̇q + ḋ (t)

J
+ B ˙ωm

J

)
+ γm |e|m−1 ė (20)

Put Equation (17) into Equation (15) to obtain

Ṡ = p

θq
ėp/q−1

(
−C |S|α sat (S) − ε |e|β S

)
(21)

Then there is:
V̇ = SṠ = p

θq
ėp/q−1

(
−C |S|α sat (S) S − ε |e|β S2

)
(22)

Where, since θ > 0, α > 0 , C > 0 , ε > 0 ,|S| > 0 , β ≥ 0 ,|e| > 0 , p and q are positive odd numbers,
V̇ (x) ≤ 0 , namely, satisfies the sliding mode motion stability condition.

Combined with Equation (2), the designed NFTSMC-MRASO is applied to the sensorless control
vector control system of surface-mounted permanent magnet synchronous motor, as shown in Figure
2.

Figure 2: System Control Block Diagram

4 Simulation analysis
In order to prove the effectiveness of the proposed strategy, this paper builds a sensorless control

model of SPMSM based on NFTSMC-MRASO through the MATALAB/Simulink simulation platform
according to Figure 2, and its motor parameters are shown in Table 1.



https://doi.org/10.15837/ijccc.2024.5.6620 7

Table 1: SPMSM parameters
Parameter names Parameter values
Number of poles 2
Stator resistance /Ω 2.875
Electronic inductors /mH 8.5
Permanent magnet flux /Wb 0.175
Moment of inertia/(kg.m2) 0.0008
Damping coefficient 0

The controller parameters are PI: Kp = 15, Ki = 3000; FSTA-SM-MRASO, α1 = 3, α2 = 40000 ,
k = 5000; NTSMC-MRASO, ε = 400 , α = 0.54, β = 3.49 .

Figure 3 shows the simulation figures of the speed response and speed error of four sensorless
control strategies: FSTA-SM-MRASO, NTSMC-MRASO, NFTSMC-MRASO, PI-MRASO, when the
motor starts with no load at a given speed of 1000 r/min and suddenly increases the load by 3 N.m
at 0.2s.

The relative errors of speed of four methods are analyzed respectively. The relative errors of speed
of four methods are analyzed respectively. The relative errors of speed of four methods are analyzed
respectively.

FSTA-SM-MRASO: ∆n1 = 4.2 − (−4.1) = 8.3r/m
PI-MRASO: ∆n2 = 3.2 − (−2.5) = 5.7r/m
NTSMC-MRASO: ∆n3 = 0.75 − (−0.5) = 1.25r/m
NFTSMC-MRASO: ∆n4 = 0.35 − (0.25) = 0.6r/m
According to the speed response of Figure 3 (a)-(d), it can be seen that the four sensorless control

strategies of PI-MRASO, FSTA-SM-MRASO, NTSMC-MRASO and NFTSMC-MRASO are feasible
and effective. The estimated speed of the algorithm can track the actual speed of the motor. Figure
3 (e) can be seen from the speed error. In the motor start and 0.2s load surge phase, the speed
estimation of the PI-MRASO control strategy has a large speed error fluctuation, and the estimated
speed of the algorithm cannot accurately track the actual speed. When using the FSTA-SM-MRASO
control strategy, the speed estimation has good stability in the motor starting and 0.2s load surge
stages, but the speed error is the largest among the four methods. Although the NTSMC-MRASO
and NFTSMC-MRASO control strategies have good stability and small speed estimation error in the
motor starting and 0.2s load surge stages, NFTSMC-MRASO has the smallest speed error, the best
dynamic and static performance, and stronger robustness.

Figure 4 shows the simulation figures of the rotor position response of the motor for four differ-
ent sensorless control strategies, PI-MRASO, FSTA-SM-MRASO, NTSMC-MRASO and NFTSMC-
MRASO, when the motor starts with no load at a given speed of 1000 r/min and a sudden load
increase of 3N·m at 0.2s.

From the rotor position response curves of Figure 4 (a) to (d), it can be seen that the four sensor-
less control strategies of FSTA-SM-MRASO, NTSMC-MRASO, FSTA-SM-MRASO and NFTSMC-
MRASO are feasible and effective, and the rotor position of the motor can be tracked by the rotor
position of the algorithm.

According to the enlarged figure of rotor position error in Figure 4 (e) and Figure 4 (f), it can be
seen that when the PI-MRASO control strategy is adopted, the rotor position estimation error is the
largest and has large error fluctuation in the motor starting and load surge stages, and the robustness
of the algorithm is poor. When using the FSTA-SM-MRASO control strategy, the rotor position
estimation error is improved compared with the PI-MRASO control strategy, and the robustness of
the algorithm is also improved. The NTSMC-MRASO and NFTSMC-MRASO control strategies have
the smallest rotor position error and good stability in the motor starting and load surge stages. The
error comparison diagram of NTSMC-MRASO and NFTSMC-MRASO with Figure 4(g) shows that
compared with NTSMC-MRASO, the speed error of NFTSMC-MRASO with linear correction term
is smaller, and the dynamic and static performance is better, which can more effectively deal with
the disturbance and further suppress the sliding mode chattering. The robustness of the system is
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improved.

(a)

(c)

(e)

(b)

(d)

Figure 3: (a) PI-MRASO speed response (b) FSTA-SM-MRASO speed response (c) NTSMC-MRASO
speed response (d) NFTSMC-MRASO speed response (e) speed error
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(a)

(c)

(e)

(g)

(b)

(d)

(f)

Figure 4: (a) PI-MRASO rotor position response (b) FSTA-SM-MRASO rotor position response
(c) NTSMC-MRASO rotor position response (d) NFTSMC-MRASO rotor position response (e) rotor
position error (f) enlarged picture of the rotor position error (g) NTSMC-MRASO and NFTSMC-
MRASO errors
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5 Conclusion
In this paper, a novel sensorless control strategy for PMSM based on NFTSMC-MRASO has been

proposed and validated through simulation studies. The main contributions of this work are:
1. The design of a non-singular fast terminal sliding mode controller to suppress chattering and

improve system robustness.
2. The integration of NFTSMC with MRASO for accurate speed and rotor position estimation.
3. The use of observed torque value as feedforward compensation to enhance disturbance rejection.
The simulation results demonstrate that the proposed NFTSMC-MRASO outperforms existing

methods such as PI-MRASO, FSTA-SM-MRASO, and NTSMC-MRASO in terms of speed response,
rotor position tracking, and robustness to sudden load disturbances. The improved accuracy and
stability of the proposed approach make it suitable for high-performance PMSM control in various
industrial applications, such as automotive, robotics, and aerospace.

However, this study has some limitations, such as the lack of experimental validation and the need
for further analysis of parameter selection and optimization. Future work may focus on the following
aspects:

1. Experimental implementation of the proposed method on a physical PMSM system.
2. Comparative studies with other state-of-the-art sensorless control techniques.
3. Investigation of adaptive or intelligent parameter tuning methods for enhanced performance.
4. Extension of the proposed approach to other types of motors or multi-motor systems.
In conclusion, the NFTSMC-MRASO provides a promising solution for high-accuracy and robust

sensorless control of PMSM. The findings of this research contribute to the advancement of PMSM
control technology and have potential implications for various industrial applications.
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