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ABSTRACT: To address issues such as reduced motor output performance and diminished load capacity caused by permanent magnet
demagnetization in Permanent Magnet Synchronous Motor (PMSM), a super-twisting algorithm-based fault-tolerant predictive control
strategy for demagnetization faults in PMSM is proposed. First, the improved super-twisting non-singular fast terminal sliding mode
observer (IST-NFTSMO) is constructed to accurately observe the flux linkage and predict the current at the next moment. Based on
the observed values, a deadbeat fault-tolerant predictive control (DFTPC) algorithm is built to compensate for the torque loss due to
permanent magnet demagnetization, thereby achieving fault-tolerant control of the system. Second, a sliding mode controller based on a
novel reaching law is designed, thereby overcoming the shortcomings of traditional control strategies in PMSM vector control systems,
such as poor anti-interference capability and slow response speed. Finally, experimental results demonstrate that after a demagnetization
fault occurs in the PMSM, the proposed method effectively improves the fault tolerance capability of the PMSM system while ensuring
the dynamic response speed of the control system, thereby endowing the system with enhanced stability and robustness.

1. INTRODUCTION

In recent years, PMSM has been widely employed in numer-
ous industrial fields, such as robotics, vehicles, and wind

power generation due to its advantages of simple structure and
fast dynamic response [1–4]. Owing to its unique permanent
magnet structure, demagnetization may occur under the influ-
ence of various natural and human factors, including high tem-
perature, impact, and corrosion. This can lead to irreversible
demagnetization faults in the PMSM, resulting in phenomena
such as decreased electromagnetic torque, reduced output capa-
bility, and a significant increase in stator current [5, 6]. There-
fore, both the diagnosis of demagnetization faults in PMSMs
and the implementation of fault-tolerant control post-failure
hold significant theoretical research value and practical engi-
neering importance.
Currently, three main methods are distinguished for address-

ing demagnetization faults in PMSM: methods based on signal
analysis, methods based on data processing, and methods based
on mathematical models [7].
The fault diagnosis method based on signal analysis achieves

fault diagnosis bymeasuring signals such asmotor voltage, cur-
rent, and magnetic flux, followed by processing and analyzing
these signals to extract fault characteristics [8]. To detect de-
magnetization faults in PMSM, in [9], demagnetization is in-
ferred by online acquisition of various electrical signals from
the faulty motor, and by comparing the differences in harmonic
content between a healthy motor and a partially demagnetized
motor. Under demagnetization fault conditions, ref. [10] ana-
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lyzes different demagnetization scenarios using the calculated
power spectral density features of the stator current, obtained
through finite element analysis. Ref. [11] aims to achieve
demagnetization fault detection by measuring various perfor-
mance indicators of noise during PMSM operation, such as
acoustic fluctuations and sound roughness. Ref. [12] extracts
demagnetization fault information of the PMSM using noise
and vibration signals, enabling online diagnosis of motor de-
magnetization faults.
Fault diagnosis methods based on data processing typically

involve training artificial intelligence for fault diagnosis using
extensive operational data from faulty conditions, enabling di-
agnosis under complex scenarios in engineering applications.
In [13], demagnetization faults of permanent magnets are diag-
nosed by analyzing the response characteristics of faultymotors
under high-frequency signal injection. However, this opera-
tion can only be performed while the motor is stopped, mak-
ing real-time fault detection unfeasible. Ref. [14] utilizes a
deep learning convolutional neural network architecture to di-
agnose PMSM demagnetization faults, but it is only applica-
ble for fault diagnosis at constant motor speeds and requires a
substantial volume of data. Ref. [15] introduces a method that
combined image morphological texture feature extraction with
a cuckoo search-optimized spiking neural network algorithm.
This method addresses the fine quantitative diagnosis and iden-
tification of demagnetization faults in dual-primary permanent
magnet synchronous linear motors.
Fault diagnosis methods based on mathematical models

achieve fault diagnosis by constructing a mathematical model
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of the motor to estimate its states or parameters, and by
monitoring the discrepancies between the motor’s actual
performance and its predicted performance. Ref. [16] proposes
a method based on an adaptive state observer. The designed
observer can simultaneously and accurately identify the motor
d-q axis inductances and flux linkages, enabling the detection
of demagnetization faults in PMSM under conditions of
parameter variation. Ref. [17] presents a method based on
a cascaded adaptive sliding mode observer. The adaptive
observer and the sliding mode observer are arranged in a
cascaded structure, allowing them to compensate for each
other. This enables the detection of demagnetization faults
in PMSM even under time-varying stator resistance. Ref.
[18] uses multiple observers combined with estimation errors
to calculate the flux linkage for detecting demagnetization
faults in PMSM. This eliminates the influence of inductance
mismatch. However, its accuracy depends on the precision
of the observer’s output. Ref. [19] designs an adaptive linear
neuron model reference flux linkage observer. This solves
the problem of accurate online flux linkage observation for
permanent magnet synchronous linear motors under multiple
operating conditions. By comparing with precise flux linkage
values, it diagnoses faults and their severity.
To enable stable and normal motor operation despite de-

magnetization faults, ref. [20] proposes a fault-tolerant control
method based on equivalent input disturbance. By incorporat-
ing a decoupling term into the observer, the influence of mo-
tor speed on demagnetization fault reconstruction is eliminated.
This method, combined with the equivalent input disturbance
approach, achieves fault-tolerant control for demagnetization
faults. Ref. [21] introduces the concept of active flux linkage
and reestablishes the PMSM mathematical model that includes
active flux linkage. A deadbeat control strategy is adopted to
eliminate active flux linkage errors, thereby achieving the ob-
jective of fault-tolerant control. Ref. [22] utilizes an adaptive
observer to accurately estimate flux linkage, thereby obtaining
observed values of the state currents. These values are then
fed back to the controller, achieving fault-tolerant control with
online detection. Ref. [23] proposes a parameter identification
method based on a high-frequency signal equivalent impedance
model for PMSM. An algorithm incorporating parameter sen-
sitivity analysis is introduced. By injecting high-frequency sig-
nals, the flux linkage is identified, which is utilized for detect-
ing the coupling between resistance and flux linkage. Ref. [24]
designs an axial flux compensation to mitigate demagnetization
faults in PMSM; however, its use of a look-up table method
results in low accuracy and limited effectiveness. Ref. [25]
proposes a robust fault-tolerant predictive current control algo-
rithm based on a composite observer, which can eliminate the
effects of motor parameter disturbances and permanent magnet
demagnetization.
In summary, a deadbeat fault-tolerant control strategy based

on an improved super-twisting non-singular fast terminal slid-
ing mode observer is proposed in this paper. For demagneti-
zation faults in PMSM, this strategy enables faster and more
accurate fault detection, achieves torque compensation under
demagnetization conditions, and ensures stablemotor operation

even after a demagnetization fault occurs. The main contribu-
tions of this work are as follows:
(1) The improved super-twisting control law is combined

with the nonsingular fast terminal sliding mode surface. As a
result, the IST-NFTSMO with faster convergence speed is de-
signed. With this observer, the d-axis and q-axis flux linkage
components of the PMSM before and after permanent magnet
demagnetization can be estimated more rapidly and accurately.
(2) To achieve superior fault-tolerant performance, the

DFTPC algorithm is introduced. Following permanent magnet
demagnetization, this algorithm promptly outputs the reference
current for the d-axis at the next time step. This compensates
for the torque deficit, suppresses the sudden surge of the q-axis
current, and enables the q-axis current and electromagnetic
torque to quickly return to their values under normal motor
operation.
(3) To further enhance system stability and response speed,

an improved exponential reaching law is combined with an in-
tegral sliding mode surface to form the improved sliding mode
controller (ISMC). When integrated with a sliding mode distur-
bance observer (SMDO), the controller exhibits enhanced anti-
interference capability, thereby achieving better fault-tolerant
performance.

2. PMSM MATHEMATICAL MODEL

2.1. The Conventional Mathematical Model of PMSM
Neglecting losses, such as eddy current loss and hysteresis loss,
themathematical model of the PMSM in the d-q coordinate sys-
tem can be expressed as [26]:{

ud = Rsid +
dψd

dt − ωeψq
uq = Rsiq +

dψq

dt + ωeψd
(1)

where Rs is the stator resistance; ωe is the electrical angular
velocity; ud, uq , id, iq , ψd, ψq are the d-q axis stator voltages,
stator currents, stator flux linkages, respectively.
The electromagnetic torque equation of the PMSM in the d-q

coordinate system is expressed as:

Te =
3

2
np [ψro + (Ld − Lq) id] iq (2)

where Te is the electromagnetic torque; Ld and Lq are the d-
axis and q-axis stator inductances, respectively; np is the num-
ber of pole pairs; ψro is the permanent magnet flux linkage.
The flux linkage equations are:{

ψd = ψro + Ldid
ψq = Lqiq

(3)

The mechanical motion equation of PMSM can be expressed
as:

dωe
dt

=
np
J

(Te − TL −Bωm) (4)

where ωm is the mechanical angular velocity; J is the rotational
inertia; TL is the load torque; B is the viscous friction coeffi-
cient.
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FIGURE 1. Variation relationship of PM flux linkage.

2.2. The Demagnetization Mathematical Model of PMSM
Under the influence of various factors, such as high temperature
and corrosion, demagnetization of the permanent magnets may
be induced in a PMSM. The magnitude of its flux linkage will
change from the initial value ψr0 to ψr, and a deviation angle
γ will be generated between the field orientation direction and
the flux linkage direction [27] (see Figure 1). The flux linkage
equations are rewritten as:{

ψd = ψr0 +∆ψrd + Ldid = ψrd + Ldid
ψq = ∆ψrq + Lqiq = ψrq + Lqiq

(5)

where∆ψrd and∆ψrq are variables of the PM flux on the d-q
axis, ∆ψrd = ψr cos γ − ψr0 < 0, ∆ψrq = ψr sin γ > 0;
ψrd and ψrq are two new components of ψr on the d-q axis,
ψrd = ψr cos γ, ψrq = ψr sin γ.
The mathematical model for a PMSM under a demagnetiza-

tion fault is given as:{
ud = Rsid + Ld

did
dt − ωeψrq − ωeLqiq

uq = Rsiq + Lq
diq
dt + ωeLdid + ωeψrd

(6)

The electromagnetic torque equation for a PMSM under a
demagnetization fault is expressed as:

Te =
3

2
np [ψrdiq + (Ld − Lq)idiq − ψrqid] (7)

3. DESIGN OF THE DFTPC
When a PMSM experiences a demagnetization fault under the
id = 0 control mode, maintaining a constant electromagnetic
torque inevitably leads to a sharp increase in iq . However, the
output capability of the inverter is limited. The iq during de-
magnetization approaches its maximum allowable value, mak-
ing it impossible to compensate for the lost electromagnetic
torque by further adjusting iq . Consequently, fault-tolerant
control can only be achieved by regulating id. Deadbeat con-
trol, in theory, enables the actual value of the controlled vari-
able to perfectly match its reference value within one or several

control cycles, allowing for precise control of the motor torque.
Based on this concept, the effective flux linkage after the fault
can be made to track an appropriate value within a control cy-
cle, thereby compensating for the lost electromagnetic torque
through the adjustment of id.
Under normal operating conditions, the effective flux linkage

of the PMSM is given by:

ψext = ψro + (Ld − Lq)id (8)

Under demagnetization fault conditions, the effective flux
linkage of the PMSM is given by:

ψext−f = ψrd + (Ld − Lq)id (9)

The flux linkage equations for a PMSM under demagnetiza-
tion fault conditions are given as:{

ψd = ψext−f + Lqid
ψq = ψrq + Lqiq

(10)

Performing first-order Eulerian discretization on (10) yields:{
ψd(k) = ψext−f (k) + Lqid(k)
ψq(k) = ψrq(k) + Lqiq(k)

(11)

From (11), the flux linkage equation at time k + 1 can be
acquired:{

ψd(k + 1) = ψext−f (k + 1) + Lqi
ref
d (k + 1)

ψq(k + 1) = ψrq(k + 1) + Lqiq(k + 1)
(12)

where irefd (k + 1) is the d-axis reference current at the next
time.
Substituting (10) into (1) yields:{

ψ̇d = −Rs

Lq
ψd + ωeψq + ud +

Rs

Lq
ψext−f

ψ̇q = −Rs

Lq
ψq − ωeψd + uq +

Rs

Lq
ψrq

(13)

Performing first-order Eulerian discretization on (13), the
state equation of the PMSM under a demagnetization fault is
obtained as:
ψd(k + 1) =

(
1− Ts

Rs

Lq

)
ψd(k) + Tsωe(k)ψq(k)

+Tsud(k) + Ts
Rs

Lq
ψext−f (k)

ψq(k + 1) = −Tsωe(k)ψd(k) +
(
1− Ts

Rs

Lq

)
ψq(k)

+Tsuq(k) + Ts
Rs

Lq
ψrq(k)

(14)

where Ts is the sampling period.
Substituting (11) and (12) into (14), the effective flux linkage

at time k + 1 is represented as:

ψext−f (k + 1) =

ψext−f (k) +

(
1− Ts

Rs
Lq

)
Lqid(k) + Tsωe(k)ψrq

+Tsωe(k)Lqiq(k) + Tsud(k)− Lqi
ref
d (k + 1) (15)
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From the theory of deadbeat control, by setting the effective
flux linkage at time (k + 1) equal to an appropriate value η,
Equation (15) is rewritten as:

η = ψext−f (k) +

(
1− Ts

Rs
Lq

)
Lqid(k) + Tsωe(k)ψrq

+Tsωe(k)Lqiq(k) + Tsud(k)− Lqi
ref
d (k + 1) (16)

Under the id = 0 control strategy for the PMSM, Equa-
tion (8) indicates that the effective flux linkage under normal
operating conditions is:

ψext = ψr0 (17)

According to Equation (7), after permanent magnet demag-
netization, an error term −ψr0id appears in Te. Directly set-
ting ψext−f (k + 1) equal to ψext is therefore unreasonable.
Due to the presence of this error term, the post-fault-tolerant
Te becomes greater than its normal value, resulting in a larger
irefd (k + 1) than the ideal value. This would cause the stator
current to approach its limit. However, the output capability
of the inverter is limited, and the stator current cannot exceed
its maximum allowable value, which significantly reduces the
system’s fault tolerance. To achieve better fault tolerance, an
appropriate η should be chosen to replace ψext, thereby pro-
viding a more accurate irefd (k + 1).
According to the idea of torque deadbeat control, an appro-

priate η is determined in order to equalize the electromagnetic
torque before and after the fault, that is:

3

2
np [ηiq(k + 1)− ψrqid(k + 1)] =

3

2
npψroiq(k) (18)

From (18), η is obtained as:

η =
ψroiq(k) + ψrqid(k + 1)

iq(k + 1)
(19)

In order to quickly restore the value of iq after the demagne-
tization fault to the normal operating value, let

iq (k + 1) = iq (k) (20)

Substituting (20) into (19), η is obtained as:

η = ψro +
ψrqid(k + 1)

iq(k + 1)
(21)

Substituting the expression for η from Equation (21) in place
of ψext(k) in Equation (16), irefd (k + 1) is obtained as:

irefd (k + 1) =
1

Lq

[
ψext−f (k)−

[
ψro + ψrq

îd(k + 1)

îq(k + 1)

]]

+

(
1− Rs

Lq
Ts

)
id(k)

+
Ts
Lq

[ωe(k)Lqiq(k) + ud(k + ωe(k)ψrq] (22)

where îd(k+1) and îq(k+1) represent the observed values of
the predicted d‑axis and q‑axis currents at the (k + 1)‑th time
step, respectively. These observed values can be obtained using
the IST-NFTSMO proposed in this paper.
When the PMSM operates normally, ψrq = 0 and ψext−f

(k) = ψr0. When a demagnetization fault occurs, ψrq ̸= 0 and
ψext−f (k) ̸= ψr0. In this case, adjustment is required using

the value of irefd (k + 1) calculated from Equation (22). Fur-
thermore, due to the limited output capability of the inverter,
irefd (k + 1) must satisfy the following constraint:

irefd > −
√
i2smax − i2q (23)

The flowchart of the DFTPC strategy is shown in Figure 2.

FIGURE 2. The flowchart of DFTPC strategy.

4. DESIGN OF THE IST-NFTSMO FLUX OBSERVER
The key to realizing fault-tolerant predictive control lies in the
flux linkage variables. Since flux linkage cannot be directly
measured, an observer must be designed. For the system, the
following IST-NFTSMO is designed.
Taking the stator current as the state variable, Equation (6) is

rewritten in state‑space form:{
ẋ = Ax+Bu+Dd
y = Cx

(24)

where x = [ id iq ]T , u = [ ud uq ]T , y = [ id iq ]T ,

d = [ ψrd ψrq ]T , A =

[
−Rs

Ld
ωe

Lq

Ld

−ωe Ld

Lq
−Rs

Lq

]
, B =

[
1
Ld

0

0 1
Lq

]
, C =

[
1 0
0 1

]
, D =

[
0 ωe

Ld

−ωe

Lq
0

]
.

To enhance both observer accuracy and suppress chatter-
ing in the control input, the observer designed based on Equa-
tion (24) is formulated as:

˙̂x = Ax+Bu+ v (25)

where x̂is the observed value of x, x̂ = [ îd îq ]T , v =

[ vd vq ]T is the sliding mode term.
Subtracting Equation (25) from Equation (24) yields the cur-

rent error state equation:

ė = Ae+Dd− v (26)
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where e is the current observation error,e = x− x̂.
To reduce the steady-state error, the non-singular fast termi-

nal sliding mode surface is selected as:

sn = ae+ bė+ βė
p
q (27)

where a, b, β are the positive numbers, a = diag (ad aq), b =
diag (bd bq), β = diag (βd βq). Both p and q are odd constants
to be designed, 1 < p/q<2.
Taking the derivative of Equation (27) yields:

ṡn = aė+ bë+ β
p

q
ė

p
q−1ë (28)

To increase the speed at which the system state vari-
ables reach the sliding surface, the introduced improved
super-twisting control law is:{

ṡn = −k1 |sn|
1
2 sign(sn)− k2sn + σ

σ̇ = −k3sign (sn)− k4sn
(29)

In this article, a linear correction term is introduced into the
conventional super-twisting algorithm. As a result, the system
is enabled to not only handle disturbances near the origin, but
also to suppress the linear growth of disturbances. Meanwhile,
the dynamic coupling relationship between sn and σ is not al-
tered. Therefore, the basic regulation performance of the con-
ventional super-twisting algorithm is maintained.
For the error dynamic equation, the following control law is

designed:
v = veq + vn
veq = Ae

vn=
∫ t
0

[
aė

b+β p
q ė

p
q
−1

+k1|sn|
1
2 sign (sn)−k2sn−σ

]
dτ

σ̇ = −k3sign (sn)− k4sn

(30)

where vn is the switching control law, which improves the state
variable to reach the sliding mode surface quickly; veq is the
equivalent control law.
Proof 1: The selected Lyapunov function V1 is as follows:

V1 =
1

2
s2n (31)

Taking the derivative of Equation (31) yields:

V̇1 = snṡn = sn

[
aė+ bë+ β pq ė

p
q−1ë

]
= sn

[
aė+

(
b+ β pq ė

p
q−1
)
ë
]

= sn

[(
b+ β pq ė

p
q−1
)(

ë+ aė

b+β p
q ė

p
q
−1

)] (32)

Taking the derivative of Equation (26) yields:

ë = Aė+Dḋ− v̇ (33)

Substituting Equation (33) into Equation (32) yields:

V̇1=sn

[(
b+ β

p

q
ė

p
q−1

)(
Aė+Dḋ− v̇ +

aė

b+ β pq ė
p
q−1

)]
(34)

Taking the derivative of Equation (26) yields:
v̇ = v̇eq + v̇n
v̇eq = Aė

v̇n = aė

b+β p
q ė

p
q
−1

+ k1 |sn|
1
2 sign (sn) + kssn − σ

σ̇ = −k3sign (sn)− k4sn

(35)

Substituting Equation (33) into Equation (32) yields:

V̇1 = sn
[(
b+ β p

q
ė

p
q
−1

)
 Aė+Dḋ−Aė− aė

b+β p
q
ė
p
q
−1

−k1 |sn|
1
2 sign (sn)− k2sn + σ + aė

b+β p
q
ė
p
q
−1




= sn
[(
b+ β p

q
ė

p
q
−1

)(
Dḋ− k1 |sn|

1
2 sign (sn)− k2sn + σ

)]
= −

[(
b+ β p

q
ė

p
q
−1

)(
−Dḋ · sn+sn ·k1|sn|

1
2 +k2sn

2−σsn
)]

= −
[(
b+ β p

q
ė

p
q
−1

)(
k2sn

2 − σsn + |sn|
(
k1 |sn|

1
2 −Dḋ

))]
(36)

Equation (36) can also be expressed as:

V̇1 = −
[(
b+ β

p

q
ė

p
q
−1

)(
k1 |sn|

3
2 − σsn + |sn|

(
k2 |sn| −Dḋ

))]
(37)

In actual permanent magnet synchronous motor systems, pa-
rameters such as flux linkage, inductance, and resistance may
vary, but they are physical quantities whose ranges of variation
are limited by the physical structure of the motor and cannot be

infinite. Therefore,
∣∣∣Dḋ∣∣∣ is bounded. Since ∣∣∣Dḋ∣∣∣ is bounded,

appropriate values of k1 and k2 can always be found such that

condition k1 |sn|
1
2 −
∣∣∣Dḋ∣∣∣ ≥ 0, k2 |sn|−

∣∣∣Dḋ∣∣∣ ≥ 0 is satisfied,

and since k2 > 0, p/q > 0, ė
p
q−1 > 0, while σ and sn have

opposite signs, it can be concluded that:

V̇1 = −
[(
b+ β p

q
ė

p
q
−1

)(
k2sn

2 − σsn+ |sn|
(
k1 |sn|

1
2 −Dḋ

))]
≤ −

[(
b+ β p

q
ė

p
q
−1

)(
k2sn

2 − σsn+ |sn|
(
k1 |sn|

1
2 −

∣∣∣Dḋ∣∣∣))]
≤ −

[(
b+ β p

q
ė

p
q
−1

) (
k2sn

2 − σsn
)]

≤ 0

(38)

Since k1 > 0 and k2 |sn| −
∣∣∣Dḋ∣∣∣ ≥ 0, the following is ob-

tained from Equation (37):

V̇1 = −
[(
b+ β p

q
ė

p
q
−1

)(
k1 |sn|

3
2 − σsn + |sn|

(
k2 |sn| −Dḋ

))]
≤ −

[(
b+ β p

q
ė

p
q
−1

)(
k1 |sn|

3
2 − σsn + |sn|

(
k2 |sn| −

∣∣∣Dḋ∣∣∣))]
≤

[(
b+ β p

q
ė

p
q
−1

)(
k1 |sn|

3
2 − σsn

)]
≤ 0

(39)
In summary, when V̇1 ≤ 0, ewill converge to 0within a finite

time, demonstrating that the designed sliding mode observer
can achieve a steady state.
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FIGURE 3. The block diagram of IST-NFTSMO.

When the sliding mode observer enters the sliding mode, it
is known from the sliding mode equivalence principle that:

ė = e = 0 (40)

Substituting Equation (40) into Equation (26) yields:

Dd = v (41)

Then, the following is obtained from Equation (41):(
0 ωe

−ωe

Lq
0

)(
ψ̂rd
ψ̂rq

)
=

(
vd
vq

)
(42)

From Equation (42), the observed values of the d-q axis flux
linkages are obtained as:{

ψ̂rd =
−vq·Lq

ωe

ψ̂rq =
vd·Ld

ωe

(43)

where ψ̂rd and ψ̂rq represent the observed values of the d-q axis
flux linkages.
By applying first-order forward Euler discretization to Equa-

tion (25), the observed values of the predicted currents at the
(k+1)-th time instant are obtained as:

îd(k + 1) =
(
1− Rs

Ld
Ts

)
îd(k)

+ Ts

Ld

(
ud(k) + ωe(k)Lq îq(k) + Ldvd

)
îq(k + 1) =

(
1− Rs

Lq
Ts

)
îq(k)

+ Ts

Lq

(
uq(k)− ωe(k)Ldîd(k) + Lqvq

) (44)

The block diagram of the flux linkage observer is shown Fig-
ure 3.

5. DESIGN OF THE ISMC
To ensure the stable operation of PMSMunder demagnetization
faults, an ISMC speed controller incorporating a disturbance
observer is designed. Based on an exponential reaching law,
the sliding mode controller is formulated, with its state variable
expression given as:{

et = ωref − ωm
ėt = ω̇ref − ω̇m = −ω̇m

(45)

where ωref and ωm represent the reference speed and actual
speed, respectively.
The design of the sliding surface determines the motion qual-

ity of the sliding mode. An integral sliding surface can address
the issue of high‑frequency noise caused by the differentiation
of state variables. Therefore, this paper adopts an integral slid-
ing surface function as the sliding surface function, expressed
as:

sm = et + cn

∫ t

0

etdt (46)

where cn is an adjustable positive constant.
Taking the derivative of Equation (46) yields:

ṡm = ėt + cnet = −ω̇m + cnet (47)

The mechanical motion equation of a PMSM after a demag-
netization fault occurs is:

dωm
dt

=
3

2

np
J

[ψr0iq + (Ld − Lq) idiq+ △ ψrdiq − ψrqid]

− 1

J
(TL +Bωm) (48)

Equation (48) is rewritten as:

dωm
dt

=
3

2

Pn
J
ψroiq −

1

J
∆d (t)− B

J
ωm (49)

where∆d(t) represents the total disturbance of the control sys-
tem.
To address the issue of significant chattering in traditional

reaching laws, this paper adopts a novel reaching law:

ṡm = −kssign (sm)− kasm
ks = f (x1, sm) + kt |sm|α

f (x1, sm) = k

ε+
(
1+ 1

|x1|n −ε
)
e−δ|s|

(50)

where ka is the linear gain; ks is the switching gain; sm is the
sliding surface; x1 is the system state; k > 0, kt > 0, δ > 0,
0 < ε < 1; and α is a constant greater than zero.
In the new reaching law, the sign function sign(sm) can be re-

placed by the saturation function sat(sm). The saturation func-
tion can, to some extent, suppress the high-frequency chattering
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caused by the switching of the sliding surface. The saturation
function is defined as:

sat (sm) =

{
sign (sm) |sm| > ρ
s
ρ |sm| < ρ

(51)

In the equation, ρ is the boundary layer value of the function,
which determines the smoothness of this saturation function.
During the design process, an appropriate value of ρ must be
selected.
Combining Equations (47), (49), and (50) yields:

i∗q =
2

3

J

np

1

ψr0

[
1

J
d (t) + ω̇ref +

B

J
ωm + cnet

+kssat (sm) + kasm] (52)

Proof 2: The selected Lyapunov function V2 is as follows:

V2 =
1

2
sm

2 (53)

Taking the derivative of Equation (31) yields:

V2 = smṡm (54)

Combining Equations (47), (49), and (52) yields:

V2 = sm

[
cnet + ω̇ref −

(
3npψr0

2J i∗q − 1
J d (t)−

B
J ωm

)]
= sm (−kssat (sm)− kasm)

=

{
−ks |sm| − kas

2
m |sm| > ρ

−ks
ρ s

2
m − kas

2
m |sm| ≤ ρ

(55)
From Equation (55), the following is obtained:

V̇2 = smṡm ≤ 0 (56)

According to Lyapunov stability theory, the system employ-
ing this sliding mode controller is stable, and any tracking error
can converge to zero within a finite time.
The block diagram of the SMDO-based ISMC is shown in

Figure 4.

FIGURE 4. The block diagram of ISMC based on SMDO.

The impact of external disturbances d(t) on the control sys-
tem necessitates the design of a disturbance observer to moni-
tor these external disturbances. The observed value is then fed
back to the sliding mode controller to mitigate the influence of
external disturbances on its performance.

Considering the presence of external disturbances, the fol-
lowing is derived from Equation (4):{

ω̇m = −B
J ωm − 1

J d(t) +
1
J Te

ḋ(t) = 0
(57)

The state equation of the disturbance observer is:{
˙̂ωm = −B

J ω̂m − 1
J d̂(t) +

1
J Te + f(em)

˙̂
d(t) = hf(em)

(58)

where em = ωm − ω̂m, f(em) is the control function of the
disturbance observer to be designed.
Subtracting Equation (58) from Equation (57) yields:{

ėm = −B
J em − 1

J ed − f (em)
ėd = −hf (em)

(59)

In the equation, em = ωm − ω̂m represents the speed obser-
vation error, and ed = d − d̂ represents the disturbance obser-
vation error.
Select the integral sliding surface:

sd = em + cm

∫ t

0

emdt (60)

Taking the derivative of Equation (60) yields:

ṡd = ėm + cmem (61)

Select the reaching law:

ṡd = −kmsign (sm) (62)

where km is the switching gain of the reaching law.
By treating − ed

J as a disturbance term, the control law for
the sliding mode disturbance observer is formulated as:

f (em) = kmsign (sd) +

(
cm − B

J

)
em (63)

Under the action of the control law, the system trajectory can
reach and remain on the sliding mode surface within a finite
time. It can be concluded that:

sd = ṡd = 0 (64)

em = ėm (65)
From Equation (59), it can be obtained that:{

ed = −Jf (em)
ėd = −hf (em)

(66)

From Equation (66), it can be obtained that:

ed = cT e
l
J t (67)

where cT is a constant.
Proof 3: The selected Lyapunov function V3 is as follows:

V3 =
1

2
s2d (68)
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FIGURE 5. The system block diagram of IST-NFTSMO-based DFTPC.

Taking the derivative of Equation (68) yields:

V̇3 = sdṡd (69)

Combining Equations (59), (61), and (63) yields:

V̇3 = sdṡd = sd

(
cmem − B

J
em − 1

J
ed − g (em)

)
= sd

(
−kmsign (sd)−

ed
J

)
(70)

According to Lyapunov stability theory, it can be obtained
that:

V̇3 = sdṡd < 0 (71)
From Equation (71), it can be obtained that:

km >
|ed|
J

(72)

Equation (72) indicates that when the load disturbance ob-
servation error is large, the observer switching gain needs to
increase accordingly, which leads to enhanced chattering in the
observed values.
To address the above issue, the switching gain of the observer

is designed as a function of the disturbance observation error
eT :

km = fε
|ed|
J

(73)

where fε is a constant greater than 1. When the load observation
error is large, the switching gain increases accordingly to ensure
system stability. Conversely, when the load disturbance obser-
vation error is small, the switching gain remains low, which
helps mitigate sliding-mode chattering in the observed values.
The system block diagram of IST-NFTSMO-based DFTPC

is shown in Figure 5.

6. EXPERIMENTAL RESULTS AND ANALYSIS
Since demagnetization faults in PMSM are challenging to repli-
cate in physical motors, a hardware-in-the-loop (HIL) simula-
tion platformwas established using RT-LAB to verify the effec-
tiveness and feasibility of the proposed fault-tolerant predictive

control strategy for demagnetization faults, without compro-
mising the validity of the experimental results. As illustrated in
Figure 6, a TMS320F2812 DSP was utilized, while other sys-
tem components, including the PMSM and the inverter, were
constructed using the RT-LAB (OP5600) system fromOpal-RT.
For the PMSM, the id = 0 control strategy was employed.

Table 1 presents the nominal parameters of the motor, and Ta-
ble 2 lists the control parameters of the control methods as well
as the parameters of the observer.

TABLE 1. Parameters of PMSM.

Parameter Value
DC voltage udc 1500V

Number of pole pairs np 4
Stator resistance Rs 0.02 Ω
d-axis inductance Ld 0.0015H
q-axis inductance Lq 0.003572H
PM flux linkage ψro 0.892 Wb
Rotational inertia J 1 kg·m2

Viscous friction coefficient B 0.001N·m·s/rad

TABLE 2. Parameters of the control system and parameters of the ob-
server.

PI ISMC SMO IST-NFTSMO
kp = 150 cn = 0.01 kd = 50000 a = 20

ki = 5000 k = 107.5 kq = 50000 b = 4

ε = 0.1 β = 0.01

n = 0.08 p/q = 5/7

δ = 9.9 k1 = 50

kt = 0.01 k2 = 6500

α = 0.1 k3 = 20

ka = 0.05 k4 = 10

ρ = 0.1

First, proportional-integral (PI) control without the DFTPC
algorithm and ISMC without the DFTPC algorithm were com-
pared. Next, PI control with the DFTPC algorithm and ISMC
with the DFTPC algorithm were compared. Finally, the flux
linkages observed by the SMO and the IST-NFTSMO were ex-
perimentally compared.
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FIGURE 6. RT-LAB experiment platform and RT-LAB hardware-in-the-loop system configuration.

(a) (b) (c)

FIGURE 7. Experimental results of PI control without DFTPC algorithm.

(a) (b) (c)

FIGURE 8. Experimental results of ISMC control without DFTPC algorithm.

The motor was started under no-load conditions with a refer-
ence speed set to 1000 r/min. At 0.2 s, the load torque TL was
increased from 0N·m to 650N·m. At 0.4 s, a demagnetization
fault occurred in the PMSM, where the permanent magnet flux
amplitude decreased from 0.892Wb to 0.6Wb, and the mag-
netic deflection angle changed from 0 rad to π/6 rad. At 0.6 s,
the load torque was further increased from 650N·m to 800N·m.
The total experiment duration was 1 s.
Figures 7 and 8 present the experimental results for PI control

and ISMC, respectively, without the DFTPC algorithm under
demagnetization fault conditions. Among them, Figures 7(a)
and 8(a) show the response curves of the d-q axis currents; Fig-
ures 7(b) and 8(b) display the output torque curves; and Fig-
ures 7(c) and 8(c) illustrate the speed curves. Table 3 compari-
son of comprehensive control performance without the DFTPC
algorithm.
From Figures 7(a) and 8(a), it can be observed that after no-

load starting of themotor, the ISMC reaches the reference speed
at 0.095s, whereas the PI controller reaches it at 0.11 s. During

TABLE 3. Comparison of control methods without the DFTPC algo-
rithm.

variable PI ISMC
id 0/0/0/0/0 0/0/0/0/0
iq 200/0/122/200/200 200/0/122/200/200
Te 1070/0/650/620/620 1070/0/650/620/620

no-load starting, the PI controller exhibits a speed overshoot of
0.1%, while the novel sliding mode speed controller proposed
in this paper shows almost no overshoot. At 0.2 s, when the
load is applied, the speed under PI control decreases by 5 r/min,
whereas under ISMC it decreases by only 2.2 r/min. At 0.4 s,
when permanent magnet demagnetization occurs, the iq of both
PI and ISMC rapidly increases to the limit value of 200A. At
this point, iq is insufficient to maintain Te stability; therefore,
the Te output by both control methods is less than TL, leading to
a speed drop. At 0.6 s, when TL is further increased to 800N·m,
the speed under both control methods drops more rapidly and
fails to track the rated speed.

23 www.jpier.org



Zhang et al.

(a) (b)

(c) (d)

FIGURE 9. PI control with the DFTPC algorithm.

(a) (b)

(c) (d)

FIGURE 10. ISMC control with the DFTPC algorithm.

In summary, when the motor operates under normal con-
ditions, the ISMC demonstrates faster dynamic response and
stronger stability than the traditional PI control. However, due
to the lack of regulation from the DFTPC algorithm, when a
demagnetization fault occurs in the PMSM, the novel sliding
mode speed controller proposed in this paper still cannot main-
tain normal motor operation at the rated speed.
Figures 9 and 10 present the experimental results for PI con-

trol and ISMC, respectively, both employing the DFTPC algo-
rithm. Specifically, Figures 9(a) and 10(a) show the response

curves of the d-q axis currents. Figures 9(b) and 10(b) display
the comparative curves between the d-axis current and its refer-
ence value. Figures 9(c) and 10(c) illustrate the electromagnetic
torque curves. Finally, Figures 9(d) and 10(d) depict the speed
curves. Table 4 comparison of comprehensive control perfor-
mance with the DFTPC algorithm.
From Figures 9(a) and 10(a), it can be observed that after

no-load startup of the motor, the reference speed is reached
at 0.095 s under ISMC, while under PI control, it is reached
at 0.11 s. The speed overshoot during no-load startup is 0.1%

24 www.jpier.org



Progress In Electromagnetics Research C, Vol. 170, 15–27, 2026

(a) (b)

FIGURE 11. THD analysis of phase A stator current.

(a) (b)

FIGURE 12. Observed values of the SMO.

TABLE 4. Comparison of control methods with the DFTPC algorithm.

variable PI ISMC
id 0/0/0/−82/−91.5 0/0/0/−82/−91.5

iq 200/0/122/122/152 200/0/122/122/152
Te 1070/0/650/650/800 1070/0/650/650/800

for PI control, whereas the proposed novel sliding mode speed
controller exhibits almost no overshoot. Under no-load mo-
tor startup, a load torque of 650N·m is applied at 0.2 s, during
which the reference current for the d-axis at the next time in-
stant, as output by the DFTPC algorithm, remains at 0. At 0.4 s,
demagnetization of the permanent magnet occurs while the load
torque is still maintained at 650N·m. At this moment, the refer-
ence current for the d-axis at the next time instant, output by the
DFTPC algorithm, decreases from 0 to −82A. The calculated
constraint value for id is −158.5A, indicating that irefd (k + 1)
remains within the constraint range.
At 0.4 s, permanent magnet demagnetization occurs. The

ψd observed by the proposed IST-NFTSMO decreases from
0.892Wb to 0.52Wb, while the observed ψq increases from
0Wb to 0.3Wb. These values alignwith the theoretically calcu-
lated values of 0.5196Wb and 0.3Wb, respectively. Therefore,
the proposed IST-NFTSMO is capable of accurately observing
the flux linkages.
At 0.6 s, the load torque changes from 650N·m to 800N·m.

The value of irefd decreases from −82.5A to −91.5A. Under
the load torque of 800N·m, the calculated constraint value for
id is −130.0A, indicating that irefd (k + 1) remains within the
constraint range.
Figures 11(a) and 11(b) show the THD results of the phase

A stator current for DFTPC-PI and DFTPC-ISMC, respec-

tively. During the permanent magnet demagnetization period
from 0.4s to 0.6 s, the waveforms are analyzed. The THD val-
ues for the DFTPC-PI and DFTPC-ISMC methods are 2.92%
and 2.37%, respectively. The results indicate that compared to
DFTPC-PI, the DFTPC-ISMC method proposed in this paper
can effectively suppress the current harmonics after a demag-
netization fault occurs in the PMSM.
In summary, compared with conventional PI control, the

DFTPC algorithm demonstrates stronger stability in the con-
trol system. After no-load startup of the motor, the speed con-
vergence time is improved by 13.6%, and the total harmonic
distortion (THD) of the phase A stator current is reduced by
18.8%. Following the occurrence of a demagnetization fault at
0.4 s, the torque recovery shows an improvement of 4.8%; after
the load torque is applied at 0.6 s, the torque recovery improve-
ment reaches 29%. Moreover, the system is capable of driving
larger loads after a demagnetization fault occurs in the PMSM.
In comparison with DFTPC-PI, the DFTPC-ISMC proposed in
this paper exhibits stronger stability, smaller speed fluctuations,
lower harmonic content, and superior anti-interference perfor-
mance.
Figures 12 and 13 present the comparative experimental re-

sults for the conventional SMO and the IST-NFTSMO, respec-
tively. Specifically, Figure 12(a) and Figure 13(a) show the
observed results for the d-axis flux linkage, while Figure 12(b)
and Figure 13(b) display the experimental results for the q-axis
flux linkage.
Before 0.4 s, the motor starts under no-load and operates nor-

mally. The d-axis flux linkage observed by the SMO reaches
its steady-state value of 0.8916Wb at 0.11 s, whereas the IST-
NFTSMO reaches its steady-state value of 0.892Wb at 0.09 s.
The q-axis flux linkage observed by both observers is main-
tained at 0Wb. At 0.4 s, when the permanent magnet demag-
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(a) (b)

FIGURE 13. Observed values of the IST-NFTSMO.

netizes, the d-axis flux linkage observed by the SMO reaches
its steady-state value of 0.5195Wb at 0.48 s, and the observed
q-axis flux linkage reaches its steady-state value of 0.2986Wb
at 0.52 s. In comparison, the d-axis flux linkage observed by
the IST-NFTSMO reaches its steady-state value of 0.52Wb at
0.45 s, and the observed q-axis flux linkage reaches its steady-
state value of 0.3Wb at 0.48 s.
In summary, compared with the conventional SMO, the IST-

NFTSMO demonstrates faster observation speed, more accu-
rate observed values, and smoother flux linkage waveforms.
Therefore, the IST-NFTSMO exhibits superior dynamic perfor-
mance, stronger stability, and less chattering.

7. CONCLUSION
To address the issue of degraded control performance and the
difficulty in achieving high-performance control in PMSMs
following a demagnetization fault, a deadbeat fault-tolerant
control strategy based on an improved sliding mode observer is
proposed for permanent magnet synchronous motors with de-
magnetization faults. Thismethod achieves precise observation
of the permanent magnet flux linkage while accurately compen-
sating for torque. Through experimental analysis under various
operating conditions, the following conclusions are drawn:
(1) The designed IST-NFTSMO enables online monitoring

of the permanent magnet flux linkage. Under normal PMSM
operation, it accurately observes the flux linkage components
on the d-axis and q-axis, respectively. When a demagnetiza-
tion fault occurs, it rapidly converges from the normal value to
the fault value. The observed flux linkage is fed back to the
controller, thereby eliminating the influence of flux linkage pa-
rameter mismatch.
(2) When combined with conventional PI control and the

ISMC, the DFTPC algorithm promptly outputs irefd (k + 1),
compensates for the torque deficit, and suppresses sudden
surges in iq . This ensures stable motor operation under de-
magnetization fault conditions, exhibiting stronger stability and
fault tolerance.
(3) After combining the proposed ISMCwith the SMDO, the

anti-interference capability of the system is significantly im-
proved. Compared with PI control, the speed convergence time
is reduced by 13.6%, and the total harmonic distortion (THD)
of the phase A stator current is reduced by 18.8%.
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