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Abstract — Permanent magnet synchronous motors (PMSMs) have attracted extensive attention
owing to their high-power density, efficiency, and excellent dynamic performance. Sliding mode
control (SMC) is widely used to enhance PMSM speed regulation. However, chattering and
implementation difficulties often make conventional SMC less effective and harder to deploy in
practice than proportional—integral-derivative (PID) control. This paper proposed an improved
adaptive convergence second-order sliding mode control (I-SOSMC) based on PID type sliding
mode surface, which exhibits improved dynamic performance, reduced chattering, and simple
implementation. To further improve disturbance rejection, an improved sliding mode disturbance
observer (I-SMDO) based on a novel sliding mode reaching law (SMRL) is integrated with the I-
SOSMC to enhance the disturbance rejection in the PMSM drive. Moreover, the adaptive
convergence mechanism in the -SOSMC adjusts the convergence parameter online according to the
estimated disturbance level, thereby strengthening disturbance rejection while further suppressing
chattering. Preliminary simulations show that the proposed I-SOSMC reduces settling time from
56.39 ms to 1.41 ms and limits the maximum speed drop from 11.32% to 0.46%, corresponding to
about 97.5% faster settling and 96% smaller speed sag. These results indicate that the proposed I-
SOSMC achieves faster convergence, smaller speed fluctuations, and superior disturbance rejection,
making it a promising solution for high-performance PMSM drives.
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1. Introduction

With the rapid tightening of carbon-emission targets
worldwide, electric propulsion systems are increasingly
replacing conventional internal combustion engines in
various applications, such as electric vehicles [1-3], hybrid
vehicles [4-6] and electric aircraft [7-9]. In addition, they are
also extended for renewable power generation [10-12].
Permanent magnet (PM) machines have been identified to be
highly promising for electric propulsion, including the PM
synchronous motors (PMSMs) [13-15], PM vernier motors
[16-18], stator-PM motors [19-21] and flux-switching PM
motors [22-24]. Among them, the PMSMs have gained
extensive attention and have been widely employed in high
performance control applications due to their superior power
density and excellent dynamic performance [25-34]. Among
various control methods, sliding mode control (SMC) is
widely employed in PMSMs drives due to its robustness
against model uncertainties and nonlinearities, as well as its
low dependence on an accurate system model [35], [36].

However, conventional SMC suffers from the chattering
problem, which limits its practical application [37]. To
address this issue, high-order SMC (HOSMC) has been
extensively investigated [38]. Compared with conventional
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SMC, HOSMC achieves smoother control, lower chattering,
and higher convergence accuracy while retaining the
robustness of SMC [39]. As a result, HOSMC receives
considerable attention in recent years [40-42].

Nevertheless, HOSMC still suffers from two main
limitations: difficult parameter tuning and increased control
complexity, both of which restrict its wider application [43],
[44]. To address these issues, a second-order SMC (SOSMC)
strategy based on a PID sliding surface is introduced in [45]
to improve the practical applicability of SMC. By combining
the chattering suppression capability of HOSMC, the
robustness of conventional SMC, and the ease of tuning
associated with PID controllers, this method shows strong
potential for practical applications [46].

In addition to HOSMC, observer-based methods have also
been widely adopted to mitigate chattering. By estimating
and compensating for external disturbances and model
uncertainties, these methods can effectively improve system
robustness while alleviating chattering, and have therefore
attracted considerable research attention [47]. In [48], an
improved sliding mode disturbance observer (SMDO)-based
speed controller is developed to enhance the estimation
accuracy of lumped disturbances and improve the robustness
of the PMSM drive system. In [49], a SMDO is proposed to
estimate both the future current and the lumped disturbances
caused by parameter mismatches as well as computation and
sampling delays in the PMSM system. In [50], a model-free
predictive current control strategy with an adaptive SMDO



is presented to accelerate convergence and further suppress
chattering.

This paper proposed an improved adaptive convergence
second-order sliding mode control (I-SOSMC) based on PID
type sliding mode surface, which exhibits improved dynamic
performance, reduced chattering, and simple implementation.
Moreover, the adaptive convergence mechanism adjusts the
convergence parameter in the I-SOSMC online according to
the estimated disturbance level. In addition, an improved
SMDO based on a novel sliding mode reaching law (SMRL)
is integrated with the I-SOSMC to enhance the disturbance
rejection in the PMSMs drive system.

2. Preliminaries

2.1 A Second Order Sliding Mode Dynamic

Consider a single-input second-order nonlinear system
described by:

ym(t) :_Ah ym (t)_ Bnym(t) +cnu(t) + D(t) (l)

where y,(f) is the system output, u(¢) is the control input, u(¢)
€ R, A,, By, and C, are nonzero model parameters. D(f)
denotes the uncertain external disturbance, and D, > 0 is
assumed to be its upper bound, |D(¢)| < Dpuar. The tracking
error is defined as e,(f) = y» — ym, wWhere y, is the reference
input. In the preliminaries, an SOSMC with a PID-type
sliding surface is introduced. The PID-type sliding surface is
defined as [45]:

$(t) + Bs(t) =k,e, (1) + kij'ey (z)dz +k48, (1) 2
0

where s(¢) € R denotes the sliding variable. k,, k; and kg are
independent positive constants, representing the proportional,
integral, and derivative gains, respectively, with k,, k;, ks

R These parameters are selected such that the characteristic
polynomial associated with (ke(?)+k,e(f)+k,€(f)), satisfies
the Hurwitz condition. In addition, £ > 0 with & R denotes
the convergence parameter of the PID-type sliding surface,
which determines convergence rate of s(¢). By differentiating
(2) and substituting (1) into the result, one obtains:

§() + ps(t) =ke, () + k€, (t)
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Therefore, an appropriate control law can be designed to
ensure that the system satisfies the above second-order
sliding mode dynamics.

2.2 Mathematical Model of the PMSM

The dynamic model of the surface-mounted PMSMs can
be expressed as:
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where n, is the number of pole pairs, ws is the permanent
magnet flux linkage, J, T., and B are the moment of inertia,
load torque and damping coefficient, ug, Ug, ig and iq are the
stator voltages and currents in d-q reference frame; and R
and L are the stator resistance and inductance, respectively.

3. Design of the Proposed SOSMC and SMDO

3.1 Design of the Adaptive Convergence SOSMC

Defined the speed tracking error e(t)= wret — @, Where wret
and w denote the reference motor speed and the actual motor
speed, respectively. To facilitate the subsequent derivation,
an intermediate variable e;(t), is introduced and defined as in
(5), where Gemp is an intermediate variable with the same
dimension as the position signal, and @ denotes the actual
motor position.

{e(t) = Wrgt _w(t) = el(t) (5)

€, (t) = Omy, —O(1)

According to (4), we can obtain (6), where K; represents
(3npw1)/2 and u(t) is the control input:

&= — =y L UO+ S0+ T, (6)
Consider (2) and (3), then substitute into (6) to obtain:
5+ Bs =k, +K,6& +k, (a), —%u(t)+%w+%nj @)

The adaptive convergence parameter (t) in the 1-SOSMC is
designed as follows:

BO) = o — A5+ —2E (8)
1ty ‘d (t)‘

where frase and AS denote the nominal value of £ and its
variation range, y is the disturbance gain coefficient, and
d(t) represents the online disturbance estimate.

Based on the above expression, and consider (7), the final
output expression for the proposed improved SOSMC is
designed as (9) with A, >0:

Uy_sosme = A4S + K, sigmoid (8) +
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The switching gain term is designed as ks (S), which is a
variable gain function dependent on the sliding-mode state
vector. The expression of kg (S) is designed as (10) with ks
ER*andr>0.

Isl
ky ()= [r ISl (10)
ko [s]<r

Here, S(t) is the n X 1 sliding-mode state vector of the system,
where n=2 for the SOSMC. The S(t) satisfies Si(t) = s(t), and
[IS]] is defined as the Euclidean norm of S(t).

HSH = i& (t)2 = \Ils(t)2 + S'(t)2 4o .S(ﬂfi) (t)2 (11)



In this expression, the parameter r denotes the radius of a
generalized convergence region within the allowable error
range. Within this region, the switching gain. kg (S) is
maintained at a level that allows the system to converge
globally. Outside this radius, the size of the gain is
determined by S(t). Specifically, when ||S|| exceedsr, ke (S)
increases gradually with [|S]|. When the system is subjected
to a sudden disturbance, the S(t) usually changes abruptly,
causing the system state to deviate significantly from the
equilibrium point. In this case, the increase in |[|S|| leads to
a corresponding increase in kg (S), thereby enhancing the
disturbance rejection capability. The sigmoid function is
adopted as follows, p is an adjustable constant.

2 1 (12)

sigmoid (3) = m—

3.2 Stability Proof of the Proposed SOSMC

To verify the stability of proposed 1-SOSMC by using
Lyapunov method. The Lyapunov function is defined as:

v :%sz(t) +%s’2(t) (13)

Taking the time derivative of (13) and substituting (7) and
(9), the Lyapunov function can be further expressed as:
V() = s(t)$(t) + $(t)5(t)
=5(1)3(t) + $(t) (kie, + k&, + k& — A(s,9)s(1))
= $(t)(s(t) kK I As(t) + kT I =k, K J "k, sigmoid (s))
=1k K, IA)$(0)s(t) + $(t)k, I (T, — Kk, sigmoid (s))

(14)

According to the system characteristics, four specific cases
can be considered:

If V (t) <0, then:

casel:s(t) > 0,8(t) > 0= (1-k,K I 4) <0,Kky >|D,]
case2:s(t) > 0,5(t) <0= (1-k,K I "4) 20,Kk, >D,,|  (15)
case3:s(t) <0,5(t) <0= (1-k,KJ4) <0,Kk, >|D |
cased:s(t) <0,5(t) >0= (1-k,K,J"2) = 0,Kk, >|D,,|

where Dmax represents maximum value of the disturbance.
Since V(0) = 0 and V(t) > 0 for s(t) # 0, $(¢) # 0, the
Lyapunov stability condition can be analyzed accordingly.
Considering the condition 11 = J/(kdKy), which represents the
most stringent constraint for A1, and assuming Ksi > |Dmax|/Kt,
the condition for 11 can be derived as (16).

J ¢ J ¢ - _
kd K[ ‘Smax‘ Kl <j’l < kd Kt + ‘Smax‘ K[ 1§7‘Ktksl ‘DmaxH (16)

where |Smax| i the maximum value of s(t) during the control
process, and {'is given by (16). Under these conditions, the
Lyapunov stability condition is satisfied. Therefore, the
system state variables converge to zero within a finite time.

3.3 Design of the Sliding Mode Disturbance Observer

In this section, the [-SMDO is designed to estimate the
lump disturbance d(f). The estimated disturbance is then used
as feedback in the [-SOSMC controller. The extended state-
space model of the system can be written as (17):

o B 1 o 3npw
i 3H+§fi (17)
LJ o o |t o |
According to (4), the state-space equations of I-SMDO can
be expressed as (18):

A B 1ira 3n
aj =7 7 [w}+ TJF% iq{l}um(em) (18)
dj | o o |Ld 0 :

where & and d(t) are the estimate values of w and d(?),

respectively. Define ex,=w-& and e/=d(t)- d(t) . Subtracting
(18) from (17) yields the observer error dynamics as:

é ffEe 7ie —Ug,(e,)
m J m J f smo \~m (19)
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where / indicates the observer gain. The sliding mode surface
is selected as [48] with ¢, > 0:

S, =€, + cmjemdt (20)

Therefore, the control law of I-SMDO is designed as follows:
U(e) [ 222 e +SMRL(S) (21)

The novel SMRL is given by (22), with ko > 0, k1 > 0 and b
> 0, and “e” denotes the base of the natural logarithm.

SMRL(s) = —&£sgn(s) — k,s —k, (€™ —1)sgn(s) - » (22)

Moreover, ¢ is designed to satisfy & > & > 0 and a > 0, which
is expressed as (23), where y denotes a judgement condition
of SMRL to indicate the value of s;.

s

ey eze js)2a

f—{ ‘51‘+a ) Z_{O, else (23)
G . 8<4

3.4 Stability Proof of the Proposed SMDO

To prove the stability of the I-SMDO, the Lyapunov
function is selected as follows:

Y =250 (24)
According to (20)-(22) and differentiate (24), we can get
V=88 =5 [—%e, +SMRL(51)}
~s|-Je -coms) |+ 1(s) (25)
sslHe, —fsgn(sl)}—éo\slko
The expression for f(s1) is as follows:

f(s) =—kos” —k (€™-D)]s |- x <0 (26)

To satisfy the finite-time Lyapunov stability theory, the
value range of ¢ must be satisfied as follows:
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The parameter & represents the lower limit of (& — |ef),

and & ¢ satisfy the above equation, where &>¢>¢&. Under

the control law u,, (21), the state variables of the system
would converge to zero within finite time.

4. Simulation Verification

To verify the effectiveness of the proposed 1-SOSMC
method, simulations are carried out and the results are
compared with those of a PI controller, conventional SMC,
and the SOSMC in [45]. The control structure of the PMSM
speed regulation system based on the proposed method is
shown in Fig.1. The PMSM parameters used in the
simulations are listed in [46]. According to the analysis in
the previous section, the controller parameters are selected
as follows: for the I-SOSMC: Srase=160, AS=80, y=10,
ks=0.5, 41=1000, r=0.03, k,=19.5, ki=0.05 and kq=0.45. The
SOSMC adopts the same parameters whenever applicable.
The disturbance observer is designed with &=100, &=500,
ko=3000, k1=5000, a=0.8, b=5, c»,=500 and 1=800. In the
simulation, the reference speed steps from 0 r/min to 1000
r/min. At 0.3s, a sudden load disturbance of 2 N m is applied
and maintained for 0.4, and then removed at 0.7s.

The simulation results in Fig. 2 show that all four methods
can track the reference speed. The PI controller and SOSMC
exhibit noticeable overshoot, whereas the conventional SMC
and the proposed 1-SOSMC achieve reference speed without
overshoot. Fig. 3 illustrates the online adjustment process of
the convergence parameter according to the estimated
disturbance level. It can be observed that when the
disturbance is small, g(t) remains almost unchanged at its
nominal value. Once the disturbance is applied, however, A(t)
decreases rapidly to nearly 50% of its original value. This
adaptive variation is beneficial for suppressing disturbance-
induced fluctuations and improving the disturbance rejection
capability of the proposed controller [46].

Under sudden load disturbance, the proposed I-SOSMC
decreases the settling time from 56.39 ms to 1.41 ms and
reduces the maximum speed drop from 113.2 r/min (11.32%)
to 4.56 r/min (0.46%). This corresponds to a 97.5% reduction
in settling time and a 96.0% reduction in speed sag. The
comparisons for Fig. 2 (a) are summarized in Table I. It is
evident that the proposed method offers improved tracking
performance and enhanced disturbance rejection capability
for PMSM drive applications.
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Fig. 1. Block diagram of the PMSM speed regulation system
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Fig. 2. The speed response and control input under different
controllers: (a) speed curves, (b) control input.
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TABLEI
PERFORMANCE COMPARISONS OF CONTROLLERS

Overshoot Speed Dro Settling Time
Controller (%) P (r/min) P ( rr%s)
PI 21.78 24.35 118.30
SMC 0.03 0.94 N/A
SOSMC 15.61 113.20 56.39
[-SOSMC 0.10 4.56 1.41

From the quantitative comparisons in Table I indicate that,
although conventional SMC also performs good disturbance
rejection capability, the control input shown in Fig. 2 suffers
from pronounced chattering, which is detrimental to
practical PMSM drive systems. In contrast, the proposed I-
SOSMC significantly alleviates the chattering phenomenon
while preserving strong disturbance rejection.



5. Conclusion

This paper proposes an improved adaptive convergence
second-order sliding mode control (I-SOSMC) scheme
based on a PID-type sliding mode surface for PMSM drives.
To further improve disturbance rejection, an improved
sliding mode disturbance observer (I-SMDO) based on a
novel sliding mode reaching law (SMRL) is integrated into
the proposed scheme. Moreover, an adaptive convergence
mechanism is introduced to adjust the convergence
parameter online according to the estimated disturbance
level, thereby enhancing disturbance rejection and
suppressing chattering simultaneously. Simulation results
show that the proposed method reduces the settling time
from 56.39 ms to 1.41 ms and decreases the maximum speed
drop from 11.32% to 0.46%. Therefore, the proposed method
achieves fast dynamic response, strong disturbance rejection,
and reduced chattering, which demonstrates its potential for
high-performance PMSM drive systems.

Acknowledgements

This work was supported by The Hong Kong Polytechnic
University under Projects P0056361 and P0052647.

References

[1] K. T. Chau, “Pure electric vehicles,” Alternative Fuels
and Advanced Vehicle Technologies for Improved
Environmental Performance, Woodhead Publishing, pp.
655-684, Mar. 2014.

[2] W. X. Shen, K. T. Chau, C. C. Chan, and E. W. C. Lo,
“Neural network based residual capacity indicator for
nickel-metal hydride batteries in electric vehicles,”
IEEE Trans. Veh. Technol., vol. 54, no. 5, pp. 1705-
1712, Sep. 2005.

[3] L. Jian, K. T. Chau and J. Z. Jiang, "An Integrated
Magnetic-Geared Permanent-Magnet In-Wheel Motor
Drive for Electric Vehicles, " IEEE Vehicle Power and
Propulsion Conference, pp. 1-6, Sep. 2008.

[4] K.T.Chauand C. C. Chan, “Emerging energy-efficient
technologies for hybrid electric vehicles,” Proceedings
of the IEEE, vol. 95, no. 4, pp. 821-835, Apr 2007.

[5] X. Zhang, K. T. Chau and C. C. Chan, “Overview of
thermoelectric generation for hybrid vehicles,” J. Asian
Electr. Veh., vol. 6, no. 2, pp. 1119-1124, Dec. 2008.

[6] Z. Dong, M. Jiang and Z. Huang, "Guideline of
Integrated Winding for Dual Mechanical-Port
Machines," 2025 IEEE 20th Conference on Industrial
Electronics and Applications, Yantai, China, 2025, pp.
1-6.

[7] L. Dai, S. Niu, Z. Lyu, X. Huang and K. T. Chau,
"Challenges and Opportunities in Electric Propulsion
Systems for Low-Altitude eVTOL Aircraft,” IEEE
Transactions on Power Electronics, early access. DOI:
10.1109/TPEL.2025.3634566

[8] C. C. T. Chow, T. Lubin, M.D. Ainslie, C. H. T. Lee,
and K. T. Chau, “Analysis and optimization of
permanent magnet and DC-excited ironless
superconducting synchronous machines for electric
aircraft,” IEEE Transactions on Transportation

Electrification, vol. 11, no. 5, pp. 12596-12607, Oct.
2025.

[91 W. Han, K. T. Chau, C. Jiang, W. Liu, and W.H. Lam,
“Design and analysis of quasi-omnidirectional dynamic
wireless power transfer for fly-and-charge,” IEEE
Transactions on Magnetics, vol. 55, no. 7, Jul. 2019,
paper no. 8001709, pp. 1-9.

[10]Z. Dong, M. Jiang, S. Niu and K. T. Chau, "Mechanical
Flux-Weakening Design of the Bidirectional Flux-
Modulated Radial Permanent Magnet Generator for
Wind Power Generation,” IEEE Transactions on
Magnetics, vol. 61, no. 9, pp. 1-5, Sep. 2025.

[11]M. Jiang, S. Niu and C. C. Chan, "A High-Order-
Harmonic Compound-Rotor Based Brushless Doubly-
Fed Machine for Variable Speed Constant Frequency
Wind Power Generation," IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 13, no. 2,
pp. 1492-1502, Apr 2025.

[12]H. Chen, Y. Zuo, K. T. Chau, W. Zhao, and C. H. T. Lee,
“Modern electric machines and drives for wind power
generation: A review of opportunities and challenges,”
IET Renew. Power Gener., vol. 15, no. 9, pp. 1864-1887,
Jul. 2021.

[13]L. Jian, K. T. Chau, Y. Gong, C. Yu, and W. Li,
“Analytical calculation of magnetic field in surface-
inset permanent magnet motors,” IEEE Trans. Magn.,
vol. 45, no. 10, pp. 4688-4691, Oct. 2009.

[14]Y. Wang, M. Cheng, M. Chen, Y. Du, and K. T. Chau,
“Design of high-torque-density double-stator permanent
magnet brushless motors,” IET Electr. Power Appl., vol.
5, no. 3, pp. 317-323, Mar. 2011.

[15]Y. Wang, K. T. Chau, C. C. Chan, and J. Z. Jiang,
“Transient analysis of a new outer-rotor permanent-
magnet brushless DC drive using circuit-field-torque
time-stepping finite element method,” IEEE Trans.
Magn., vol. 38, no. 2, pp. 1297-1300, Mar. 2002.

[16]J. Li, K. T. Chau, and W. Li, “Harmonic analysis and
comparison of permanent magnet vernier and magnetic-
geared machines,” IEEE Trans. Magn., vol. 47, no. 10,
pp. 3649-3652, Oct. 2011.

[17]1X. Li, K. T. Chau, and M. Cheng, “Comparative analysis
and experimental verification of an effective permanent-
magnet vernier machine,” IEEE Trans. Magn., vol. 51,
no. 7, p. 8203009, pp. 1-9, Jul. 2015.

[18] T. W. Ching, K. T. Chau, and W. Li, “Power factor
improvement of a linear vernier permanent-magnet
machine using auxiliary DC field excitation,” IEEE
Trans. Magn., vol. 52, no. 7, p. 8204804, pp. 1-4, Jul.
2016.

[19]C. Liu, K.T. Chau and Z. Zhang, “Novel design of
double-stator single-rotor magnetic-geared machines”
IEEE Trans. Magn., vol. 48, no. 11, pp. 4180-4183, Nov.
2012.

[20]K. T. Chau, Y. B. Li, J. Z. Jiang, and C. Liu, “Design
and analysis of a stator-doubly-fed doubly-salient
permanent-magnet machine for automotive engines,”
IEEE Trans. Magn., vol. 42, no. 10, pp. 3470-3472, Oct.
2006.



[21]C. Liu, K. T. Chau, and W. Li, “Comparison of fault-
tolerant operations for permanent-magnet hybrid
brushless motor drive,” IEEE Trans. Magn, vol. 45, no.
6, pp. 1378-1381, Jun. 2010.

[22]W. Zhao, M. Cheng, K. T. Chau, W. Hua, H. Jia, J. Ji,
and W. Li, “Stator-flux-oriented fault-tolerant control of
flux-switching permanent-magnet motors,” IEEE Trans.
Magn., vol. 47, no. 10, pp. 4191-4194, Oct. 2011.

[23]Y. Du, F. Xiao, W. Hua, X. Zhu, M. Cheng, L. Quan,
and K. T. Chau, “Comparison of flux-switching PM
motors with different winding configurations using
magnetic gearing principle,” IEEE Trans. Magn., vol. 52,
no. 5, p. 8201908, pp. 1-8, May 2016.

[24]M. Cheng, F. Yu, K. T. Chau, and W. Hua, “Dynamic
performance evaluation of a nine-phase flux-switching
permanent magnet motor drive with model predictive
control,” IEEE Trans. Ind. Electron., vol. 63, no. 7, pp.
4539-4549, Jul. 2016.

[25]Z. Lyu, S. Niu, M. Hu, T. Wang, L. Wu, and K. T. Chau,
“Improving DC-link voltage utilization in PMSM drives
with resistance asymmetry via active harmonic
injection,” |EEE Transactions on Transportation
Electrification, vol. 11, no. 3, pp. 7207-7218, Jun. 2025.

[26] L. Dai, S. Niu, X. Yuan and C. C. Chan, "Data-Driven
Current Harmonic Optimization for Minimizing Torque
Ripple and Injection Losses in PMSM Drives," IEEE
Transactions on Industrial Electronics.

[271H. Zhan, W. Liu, Z. Lyu, S. Niu, L. Wu and K. T. Chau,
"Eccentricity Fault Diagnosis in  Multimodule
Permanent Magnet Synchronous Machines Based on
Zero-Sequence Voltage Component,” IEEE
Transactions on Industrial Electronics, vol. 72, no. 12,
pp. 12332-12342, Dec. 2025.

[28]C. Yang, W. Liu, S. Niu, J. Lyu and K. T. Chau,
"Parameter-Tuning-Free Two-Step ldentification of
Mechanical Parameters for PMSM Drives,"” IEEE
Transactions on Industrial Electronics, vol. 72, no. 12,
pp. 12378-12392, Dec. 2025.

[29]J. Wen, X. Yuan, S. Niu and W. L. Chan, "A Robust
Complex Vector Pl Current Controller With Deadbeat
Response for PMSM Drives," IEEE Transactions on
Industrial Electronics, vol. 72, no. 5, pp. 4671-4681,
May 2025.

[30]C. C. Chan and K. T. Chau, "An advanced permanent
magnet motor drive system for battery-powered electric
vehicles," IEEE Transactions on Vehicular Technology,
vol. 45, no. 1, pp. 180-188, Feb. 1996.

[31]H. Lin, S. Niu, Z. Xue and S. Wang, "A simplified
virtual-vector-based model predictive control technique
with a control factor for three-phase SPMSM drives,"
IEEE Transactions on Power Electronics, vol. 38, no. 6,
pp. 7546-7557, Jun 2023.

[32]W. Qiu, X. Zhao, A. Tyrrell, S. Perinpanayagam, S. Niu
and G. Wen, "Application of artificial intelligence-
based technique in electric motors: a Review," IEEE
Transactions on Power Electronics, vol. 39, no. 10, pp.
13543-13568, Oct. 2024,

[33]Niu, S., Luo, Y., Fu, W., & Zhang, X. (2020). An
Indirect Reference Vector-Based Model Predictive

Control for a Three-Phase PMSM Motor. IEEE
Access, 8, 29435-29445.,

[34]Luo, Y., & Niu, S. (2023). Predictive Current Control
for Six-Phase PMSM Motor With Multi-Step Synthesis
Based Virtual Vectors. IEEE Transactions on Energy
Conversion, vol. 38, no. 1, pp. 134-146, Jun. 2022.

[35] Z. Zhang, X. Yang, W. Wang, K. Chen, N. C. Cheung
and J. Pan, "Enhanced Sliding Mode Control for PMSM
Speed Drive Systems Using a Novel Adaptive Sliding
Mode Reaching Law Based on Exponential Function,"
IEEE Transactions on Industrial Electronics, vol. 71, no.
10, pp. 11978-11988, Oct. 2024.

[36] Weibing Gao and J. C. Hung, "Variable structure control
of nonlinear systems: a new approach,” IEEE
Transactions on Industrial Electronics, vol. 40, no. 1, pp.
45-55, Feb. 1993.

[37T1W. Qi, S. Li, G. Zong, Z. -G. Wu and H. Yan, "Novel
SMC for Discrete Nonhomogeneous Semi-Markov
Switching Systems With Application to DC-DC Buck
Converter Circuit," IEEE Transactions on Automation
Science and Engineering, vol. 23, pp. 4745-4756, 2026.

[38]Utkin 'V, Poznyak A, Orlov Y, Polyakov “A.
Conventional and high order sliding mode control,”
Journal of the Franklin Institute, vol. 357, no. 15, pp.
10244-61, Oct, 2020.

[39]G. P. Incremona, M. Rubagotti, M. Tanelli and A.
Ferrara, "A General Framework for Switched and
Variable Gain Higher Order Sliding Mode Control,"”
IEEE Transactions on Automatic Control, vol. 66, no. 4,
pp. 1718-1724, Apr 2021.

[40] X. Zhang, X. Zhuo and Q. Zhang, "Enhanced Fruit Fly
Optimization Algorithm Based Backstepping-HOSMC
for Integrated Guidance and Control of Hypersonic
Gliding Vehicle," IEEE Transactions on Aerospace and
Electronic Systems, vol. 59, no. 6, pp. 9342-9356, Dec.
2023.

[41]P. Li, X. Yu and Y. Zhang, "The Design of Quasi-
Optimal Higher Order Sliding Mode Control via
Disturbance Observer and Switching-Gain Adaptation,”
IEEE Transactions on Systems, Man, and Cybernetics:
Systems, vol. 50, no. 11, pp. 4817-4827, Nov. 2020.

[42] C. Pukdeboon, A. S. I. Zinober and M. -W. L. Thein,
"Quasi-Continuous  Higher Order Sliding-Mode
Controllers for Spacecraft-Attitude-Tracking
Maneuvers,” |IEEE Transactions on Industrial
Electronics, vol. 57, no. 4, pp. 1436-1444, Apr 2010.

[43] Laghrouche S, Plestan F, Glumineau A. Higher order
sliding mode control based on integral sliding mode.
Automatica, vol. 43, no. 3, pp. 531-7, Mar 2007.

[44] M. Furat and G. G. ClcQ "Design, Implementation, and
Optimization of Sliding Mode Controller for Automatic
Voltage Regulator System," IEEE Access, vol. 10, pp.
55650-55674, 2022.

[45]1. Eker, “Second-order sliding mode control with
experimental application,” ISA transactions, vol. 49, no.
3, pp. 394-405, Jul. 2010.

[46] Z. Zhang, Z. Chen, N. Li, K. Chen, N. C. Cheung, and J.
Pan, “A dynamic convergence second-order sliding
mode control structure for PMSM with an observer



based on a novel sliding mode reaching law,” Control
engineering practice, vol. 164, pp. 106504, Nov. 2025.

[47]Liu JK, Sun FC. Research and development on theory
and algorithms of sliding mode control. Kongzhi Lilun
yu Yingyong/ Control Theory & Applications, vol. 23,
no. 3, pp. 407-418 Jun 2007.

[48] X. Guo, S. Huang, K. Lu, Y. Peng, H. Wang and J. Yang,
"A Fast Sliding Mode Speed Controller for PMSM
Based on New Compound Reaching Law With
Improved Sliding Mode Observer," IEEE Transactions
on Transportation Electrification, vol. 9, no. 2, pp. 2955-
2968, Jun 2023.

[49] X. Sun, J. Cao, G. Lei, Y. Guo and J. Zhu, "A Robust
Deadbeat  Predictive  Controller ~ With  Delay
Compensation Based on Composite Sliding-Mode
Observer for PMSMs," IEEE Transactions on Power
Electronics, vol. 36, no. 9, pp. 10742-10752, Sep. 2021.

[50] X. Zhang, Q. Xu, Y. Miao, Y. Wang, X. Wang and S.
Liu, "Model-Free Predictive Current Control of PMSM
Based on Sliding Mode Disturbance Observer," IEEE
Transactions on Industry Applications, vol. 61, no. 6, pp.
9425-9438, Nov.-Dec. 2025.

Zhang Zhang (Student Member,
IEEE)

He received the B.Eng. degree in
automation from the University of
South China, Hengyang, China, in 2022,
and the M.Eng. degree in control
engineering from Shenzhen University,
Shenzhen, China, in 2025. He is
currently working toward the Ph.D. degree in electrical
engineering with Department of Electrical and Electronic
Engineering, The Hong Kong Polytechnic University, Hong
Kong, China. His research interests include servo motor
drives, control theory, and intelligent systems.

Mingyuan Jiang (Member, IEEE)
He received the B.Eng. degree in
Electrical Engineering and Automation
from Shanghai Maritime University,
Shanghai, China, in 2020. He
subsequently obtained his M.Sc. and
Ph.D. degrees in Electrical Engineering
from The Hong Kong Polytechnic
University, Hong Kong, China, in 2021 and 2024,
respectively.

He is currently a Research Assistant Professor in the
Department of Electrical and Electronic Engineering and a
member of the Research Centre for Electric Vehicles (RCEV)
at The Hong Kong Polytechnic University. He is currently
the Guest Editor and long-term reviewer for several well-
known SCI journals. His primary research interests include
the design, optimization, and control of electric machines,
transportation electrification, robotics, and power generation
systems.

Zixu Dong (Student Member, IEEE)
He received the B.Eng. degree in
electrical engineering and automation
from Taiyuan University of Technology,
Taiyuan, China in 2021. Subsequently,
he obtained the M.Sc. degrees in
electrical engineering from The Hong
Kong Polytechnic University, Hong

A
Kong, China, in 2025. He is currently working toward the
Ph.D. degree in the Department of Electrical and Electronic
Engineering, The Hong Kong Polytechnic University, Hong
Kong, China. His research interests include design,

optimization, and control of electric machines, electric
vehicles, and power generation.

“\«

Zhouyang Zhang
He received the B.Eng. degree in
. Robotics Engineering from Wuhan
o N University of Technology, Wuhan,
= China, in 2025. He is currently working

Y toward the M.Phil. degree in electrical
engineering with  Department of
Electrical and Electronic Engineering,

The Hong Kong Polytechnic University,
Hong Kong, China. His research interests include electric
vehicles and machine design.

Shuangxia Niu (Senior Member,
IEEE)

She received the B.Sc. and M.Sc.
degrees in electrical engineering from
Tianjin University, Tianjin, China, in
2002 and 2005, respectively, and the
Ph.D. degree in electrical engineering
from the University of Hong Kong,
Hong Kong, China, in 2009.

She is currently a Professor with the Department of Electrical
and Electronic Engineering, The Hong Kong Polytechnic
University, Hong Kong. She has authored or coauthored
more than 250 papers in leading journals. er research
interests include the electric vehicle technologies, renewable
energy systems, machines and drives, power electronics
technology, applied electromagnetic, numerical method, and
optimization.




K.T. Chau (Fellow, IEEE)

He received the B.Sc. (Eng.), M.Phil.,
and Ph.D. degrees in electrical and
electronic  engineering from  The
University of Hong Kong, Hong Kong,
China, in 1988, 1991, and 1993,
respectively.

He serves as a Chair Professor in
electrical energy engineering with the Research Centre for
Electric Vehicles and Department of Electrical and
Electronic Engineering, The Hong Kong Polytechnic
University, Hong Kong. His research interests include
electric and hybrid vehicles, power electronics and drives,
and renewable energies. He is the author of nine books and
more than 350 journal papers.

Prof. Chau is a fellow of the Institution of Engineering and
Technology (IET), U.K., and the Hong Kong Institution of
Engineers. He is a Chartered Engineer. He was the recipient
of the Changjiang Chair Professorship from the Ministry of
Education, China, and the Environmental Excellence in
Transportation Award for Education, Training, and Public
Awareness from the Society of Automotive Engineers
International.

C.C. Chan (Life Fellow, IEEE)

He was born in 1937. He received the B.S.
degree from China University of Mining
and Technology, Xuzhou, China, in 1957,
the M.S. degree from Tsinghua University,
Beijing, China, in 1959, and the Ph.D.
degree from the University of Hong Kong,
Hong Kong, China, in 1982, all in
electrical engineering. He is currently a Distinguished Chair
Professor of electric vehicles and smart energy with the
Department of Electrical and Electronic Engineering, Hong
Kong Polytechnic University, Hong Kong. He has more than
50 years of teaching and research experience and proposes
engineering philosophy, engineering, and education
innovation, which laid the foundation of modern electric
vehicles theory and electric vehicles electric drive theory. He
has authored more than 300 papers and 11 monographs. Prof.
Chan is a member of the Chinese Academy of Engineering
and the Ukrainian Academy of Engineering Sciences, a
fellow of the Royal Academy of Engineering U.K., and an
Honorary Fellow of the Hungarian Academy of Engineering.
He is a Senior IET Fellow and the Former President of the
Hong Kong Institution of Engineers. He was a recipient of
the Toastmasters Medal by the Institution of Electrical
Engineers (IEE) in 2000, Father of Asian Electric Vehicles
by Magazine Global View in 2003, Environmental
Excellence in Transportation Award by the Society of
Automotive Engineers (SAE) in 2007, Gold Medal of Hong
Kong Institution of Engineers in 2010, World Federation of
Engineering (WFEO) Medal for Engineering Excellence in
2013, Prince Philip Medal of U.K. Royal Academy of
Engineering in 2014, and IEEE Transportation Technologies
Award by IEEE in 2018.






