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ABSTRACT: To enhance the disturbance rejection capability and robust stability of PMSM under time-varying disturbance, an improved
super-twisting higher-order sliding mode active disturbance rejection cascade control strategy is proposed. Firstly, a second-order mathe-
matical model of the PMSM speed-current dual-loop system is established. Secondly, to address the oscillation issues caused by differen-
tiation of reference speed in conventional linear error feedback control, a composite sliding mode error feedback control law is designed
by integrating the fast super-twisting (FST) algorithm and the new fast non-singular terminal sliding mode control (NFNTSMC) method.
The control law effectively suppresses system chattering and improves dynamic response. Meanwhile, an improved extended state ob-
server (IESO) is constructed based on deviation control theory, which enhances real-time compensation of the cascade controller by
optimizing convergence speed and disturbance estimation accuracy. Finally, hardware-in-the-loop (HIL) simulation results on an RT-
LAB platform demonstrate that the proposed method outperforms traditional strategies in both dynamic performance and disturbance
rejection, providing a viable solution for high-performance PMSM drive applications.

1. INTRODUCTION

ermanent magnet synchronous motor (PMSM) has been

widely adopted in industrial applications due to its excel-
lent power density, compact structural design, and simplified
mechanical construction [1,2]. In traction control systems for
electric trains, proportional-integral (PI) control has long been
the mainstream solution owing to its simplicity in implemen-
tation and technological maturity. However, PMSM is inher-
ently a strongly nonlinear, time-varying system that is highly
susceptible to various unmodeled dynamics and random dis-
turbances [3,4]. PI controllers suffer from intrinsic drawbacks
such as integral saturation and inadequate disturbance rejec-
tion capability, which often results in performance degrada-
tion under dynamic conditions [5,6]. To improve the con-
trol performance of PMSM speed regulation systems, a vari-
ety of advanced control strategies have been introduced in re-
cent years [7]. Among them, Sliding Mode Control (SMC) [8]
and Active Disturbance Rejection Control (ADRC) [9—11] have
gained significant attention. SMC simplifies controller design
through order-reduction compensation and ensures that the sys-
tem trajectory quickly reaches and remains on the sliding sur-
face in finite time [12, 13]. ADRC estimates and compensates
disturbances actively, offering superior dynamic response and
robustness against both internal uncertainties and external dis-
turbances. These control strategies have demonstrated the abil-
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ity to achieve fast system response and high-precision track-
ing, making them prominent directions in modern control the-
ory [14].

Ref. [15] proposed a cascaded control structure combining
ADRC and SMC for vehicular opto-electronic tracking plat-
forms. This method effectively enhances tracking performance,
resulting in a system with fast response, minimal overshoot,
high positional tracking accuracy, strong disturbance rejection,
and improved robustness.

To improve the dynamic response and disturbance sup-
pression capabilities of motor drives, Ref. [16] introduced an
adaptive ADRC-based speed control strategy. This strategy
comprises two key components: a Weighted Hybrid ADRC
(HADRC) for suppressing aperiodic disturbances, which
provides rapid response and robust steady-state performance
and a Feedback Adaptive Resonant Controller (FARC) that
offers fast identification and strong robustness against periodic
disturbances, while also demonstrating high immunity to
measurement noise. Ref. [17] proposed an SMC-based ADRC
torque distribution strategy for switched reluctance motors, ef-
fectively reducing torque ripple during motor startup. Ref. [18]
presented a sliding-mode ADRC method tailored to generator
systems, which enabled rapid convergence without overshoot
and significantly enhanced disturbance rejection and system
robustness.

In contrast to the methods in [17] and [ 18], which utilize first-
order sliding mode control to improve the ADRC controller
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and to further improve the anti-interference ability and robust-
ness of PMSM, this paper proposes a cascaded ADRC strategy
based on FST-NFNTSMC. Firstly, a second-order mathemati-
cal model of the PMSM speed-current dual-loop system is es-
tablished to capture the compound dynamics. Then, to address
the oscillation problem caused by differentiating the speed ref-
erence signal in traditional linear error feedback control, a com-
posite sliding mode error feedback control law is designed by
integrating FST algorithm with NFNTSM control method. In
addition, IESO is developed based on deviation control the-
ory to enhance the convergence rate and disturbance estima-
tion accuracy. IESO provides real-time compensation to the
cascaded controller, thereby significantly improving the dis-
turbance rejection and robustness of the closed-loop PMSM
system. Finally, real-time hardware-in-the-loop (HIL) experi-
ments are conducted to verify the effectiveness and superiority
of the proposed composite control algorithm.

2. MATHEMATICAL MODEL OF PMSM

Neglecting all losses, the mathematical model of PMSM can be
expressed as follows [19]:

i
uq = Rgig + Ld% — weLgiq

g
uq = Ryiq + Lq% + we (Lata + 1) )

3 D
T, = 5”1) (V5 + (La — Lg) id] iq

where 74 and ¢, denote d-g-axis components of the stator cur-
rent, respectively; uq and u, represent d-g-axis components of
the stator voltage; Lq and L, are the stator inductances; )¢ is
the magnet flux; R is the stator resistance; w, represents the
electrical angular velocity.

Considering the effects of electromagnetic parameter pertur-
bations, the mathematical model of the PMSM can be expressed
as:

d
ug = Rgig + % — Wethy + Aug
i, ,
uq = Ryig + 7 + wea + Auy (2)

3 o
T, = inp [¢f + (Ld — Lq)zd} 1q + ATe

where Aug and Au, represent the d-g-axis voltage disturbance;
T, is the electromagnetic torque generated; n,, is the number of
pole pairs; AT, is the perturbation in the output electromag-
netic torque.

Under ideal conditions, the mechanical motion equation of
PMSM is given by:

dwe  myp
paiai (Te — Tr, — Bwm,) 3)

where T7, is the load torque; J is the moment of inertia; B is
the damping coefficient; w,, is the mechanical angular velocity
of the motor.

3. MATHEMATICAL MODEL OF ADRC

3.1. Mathematical Model of PMSM Speed-Current Cascade
Control Loops

The second-order nonlinear system model can be expressed as:

i=9(y)+au 4)

where y € R represents the system state variables; y and u
denote the system output and control input, respectively; g :
R — R is an unknown nonlinear bounded function that satisfies
the Lipschitz condition and depends solely on y; a € R is an
unknown gain constant to be determined.

For surface-mounted permanent magnet synchronous motor
(SPMSM), using 74 = 0 control scheme, Eq. (2) and Eq. (3)
can be simplified as follows:

. . wewf ug—Aug
iq = —Tig = 7. T
s 5
(3mptriq — T — ATe)  Buwp, ©
We = —
J J

From Eq. (5), the state equation of the composite loop can be
expressed as:

gy Tp AT, Ty

o | 2T T T T T ©
‘ _ 3npthy (Rsiq + npwmiby + Aug)

2JL,

The PMSM speed-current composite loop mathematical
model described by Eq. (6) is given as follows:

We = aug + F @)

where a is the parameter to be designed, and F' is the total dis-
turbance of the motor composite loop.

3.2. Design of the Traditional ADRC Based on ESO

Defining w,, = =1, the state-space representation of the
second-order composite loop can be expressed as follows:

’i,’lilL’Q
To = aug + F ®)
y=x

The tracking differentiator (TD) is designed as follows [18]:

{ = ©

g = —1.76yn2 — 7% (n1 — wyy,)

where nq and ns denote the tracking signal, and -y is the velocity
factor.

Assuming that the total F is differentiable, it can be ex-
panded as a new state variable based on Eq. (8). The extended
state-space representation of the motor composite loop system
is expressed as follows:

T1 = T2
&2 = T3+ aug (10)
g = F
y=1o
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Based on Eq. (10), the third-order Linear Extended State Ob-
server (LESO) model is constructed as follows:

e=z1—-Y
21 = 22 —)\16 (11)

Z9 = 73 — Age + auy

,7;’3 = —)\36

where z1, 22, and z3 represent the estimated values of the motor
speed, its derivative, and the total disturbance, respectively; A1,
Ao, and As are the error correction gains. The gains can be
chosen as follows:

)\1 =3v
Ay = 312 (12)
)\3 = V3

where v denotes the LESO bandwidth. Under this condition,
the Hurwitz criterion is satisfied, ensuring stable convergence
of the motor state variables within the ESO.

According to Eq. (11), the ESO follows the sequence of
tracking z; to x;. In the control of variables 21, zo, and z3,
when the value of e; is small, variables z5 and z3 are difficult
to observe accurately, making this tracking sequence prone to
causing regulation failure in the drive system. To improve the
observation accuracy of variables z5 and z3, the ESO typically
requires error correction gains Ao and A3 to be designed as large
gain coefficients; however, choosing a too large value for A3
will degrade the transient performance of the ESO.

4. DESIGN OF IADRC-IESO BASED ON FST-FNFTSM
CONTROL LAW

4.1. Designing the IESO for IADRC

To address this issue, an Improved Extended State Observer
(IESO) model for the PMSM is established [20], and Eq. (11)
is modified as follows:

Z1=x1 +e
zo = 21 + A€ (13)
Z3 = %2 + Age — auy

From Eq. (13), the error dynamics can be described as fol-
lows:

Z1— 1 = ¢€
Zg — Tg = €&+ e (14)
23713:€+)\16+>\2(6+>\16)

Based on Eq. (14), the IESO model of the PMSM can be
described as follows:

€e=2z2Z1— I
2:’1 = Z2 — /\16 (15)

Zo = 23 — /\2[6 + )\16] + aug
23 = —)\3 [6 + )\16 + )\2 (6 + )\16)}

4.2. Design of the FST-NFNTSM Control Law

The state error equation is defined as follows:

{ €1 =1 — N (16)

€y = él = T2 — N2
The new fast non-singular terminal sliding mode (NFNTSM)
surface is selected as [21]:
s=-¢eg+1lie1 + lge_gte%f% (17)
where [; and [, are positive constants 0 < b < 1.
To reduce sliding mode chattering and improve the smooth-

ness of the motor output signal, a segmented error feedback
control law is designed as follows:

Ug = U1 + U (18)

where u; and us represent the equivalent control term and non-
linear control term, respectively.
Taking the derivative of Eq. (17):

§=éy+ 1161+ e e [(1 - 20)é; — ger]  (19)

In accordance with Eq. (8), Eq. (18), and Eq. (19), the non-
linear control term u; can be expressed as follows:

1
ur =~ [—lies + lae e (geg — (1 —2b)es) — F + >y

(20)
To ensure that the state variables of the control system enter
the sliding mode, FST control law [22] is introduced as follows:

{ S:—kl\s\%sgn(s)—kgs—ﬁ—h—i—F 1)

h = —kgsgn (s)

where k|, ks, and k3 are all positive constants.
By combining Eq. (18) and Eq. (21), the expression for the
equivalent control term us can be obtained as:

K |s|% sgn (s) — kos — [ kasgn(s)dt + F
a

While e=9% = 0, the fast terminal sliding surface is reduced
to a linear sliding surface. By appropriately selecting function
g, the proposed sliding surface can exhibit characteristics of
both terminal and linear sliding modes.

Theorem 1: For a nonlinear, strongly coupled, and multi-
variable PMSM system, if the dynamic sliding surface is de-
signed as in Eq. (17), and the fast super-twisting sliding mode
control law in Eq. (21) is adopted, then while 2bl; — g > 0, the
tracking error will converge to 0. The convergence time 7’5 can
be estimated as:

tn (14 <0)
T, < : 23
5= 2bl; — g 23)

Proof 1: Defining the Lyapunov function V' as follows:
Ly
V= € 24)
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According to the equation, letting 5 = 0: . (4ks + k7) —lﬁ2 ko —k1
h = = —k1k k k =
é1 = —lie; — lpe I'e; ™ (25) where Q 2 _/212 ki 22 ¢
The derivative of Eq. (24) can be obtained as: 1
t 1-2b || sgn (s)
V = e1é4 —61( lieg — lpe™ 9% ) s
h
= —llef — lge_gtef(lib) h
— oLV 9l eyt < 26) In Eq. (34), |Q1] > 0, |Q2| > 0, and |Q3| > O represent the

According to the Lyapunov stability criterion, it can be con-
cluded that the system state variables will converge to zero
within a finite time. To further derive the convergence time
of the system states, both sides of Eq. (26) are multiplied by
bVl

Al 1d;1 < =261, VP — 217 0pl e 9t (27
dvb b 1-b t
T2V < =21 ble (28)

Multiplying both sides of Eq. (28) by e?*/1?:
d
€2bl1t < ;; + 2bl1Vb) < *2171)()126(2“179” (29)

d (62bl1tvb)

= < _21—bbl2e(2bll—g)t (30)

Integrating both sides of Eq. (30) from 0 to 7%, and letting
V(Ts) =0:

—2!~bp]
2blyty/b 2 (2bl1—g)Ts
— ‘/ n)< ——-: —1 31
© ( ) - 2bl1 —Jg (@ ) ( )

Letting ¢ = le bl2 > 0, Eq. (31) can be rewritten as:

In (14 <0
T, < 32
s < o g (32)

Proof 2: Selecting Lyapunov function V7 (z) as

V1 (Q?)

1
2 —h?+ =
ks |s| + 5 + 55
(4ks + k2) |s|? sgn (s) — kikos — kih
1
3 —k1ko |s|% sgn (s) + k2s + kah
—ky |s|% sgn (s) + kos + 2k

/]2 sgn (s)
s (33)
h

Eq. (33) can be simplified to
=¢'Q¢ (34)

determinants of the first-order, second-order, and third-order
master forms, respectively. The matrix Q is positive definite,
and V; is a positive definite, continuous function. Applying the
chain rule to relate d|z|/dt = isgn(x) and V;, the derivative
of ¢ is obtained as follows:

T
[ |s|1/2 sgn(s) s h
1 kK2 1 BE Sgn( )
2|s| —2k; 0 0
0 0 0 0
+ —k1 ko 1 C+ 0
0 0 0 F
1
= s |1/2WC+LC+U (35)
—k1 ko 1 0 0 O
where W = 1 0 0 0|,L=| -k ko 1],
—2ks 0 O 0 0 O
0
v=1] 0
F

Taking the derivative of V;:

o =&Qe+ T - - |11 SCTRIC — CTRaC + By
S

1
< S ¢"Pi¢ — (P +p"C (36)
s
—ky
where p = ky |,
2
2k1ks + k’% (k‘% + kg)kg k‘%
P = 5 (k}% + k‘g)k‘Q —klk‘g —k1ko R
k3 —k1ko —k1
k2ky  —kik2  —kiko )
P, = —k1k3 k3 k3 , F <.

—kky k2 I

The boundary of F is

Fp'C = i CMIC+ (M (37)
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TABLE 1. The parameters of PMSM.

Motor Parameters Units Values
flux linkage 15 Wb 0.171
Stator g-axis inductance L H 0.00334
Stator d-axis inductance Lg H 0.00334
Stator resistance R Q 1.9
Number of pole pairs 7, pair 4
Moment of inertia J kg:m?  0.001469

—ky F'sgn (s) 0 Fsgn (s)
where M; = 0 ko 0 , My =
Fsgn (s) 0 0
—koFsgn(s) 0 0
0 0 0
0 0 0
Substituting Eq. (37) into Eq. (36):
: L r T I r T
Vi = _||71/2C Pi¢—¢ P2C+||71/2C M ¢ + ¢ Ma¢
s s
L 7 T
= —| |1/QC (Pr—My)¢—¢ (P2 —M2)¢ (38)
s

From Eq. (38), while Py —M > 0 and P, — M, > 0, V; < 0.
The necessary and sufficient condition for P, — M > 0 and
Py, — M, > 0is
k? 4 2ks + 2Fsgn (s) > 0
k3 (k3 — 2k3Fsgn (s)) > 0
k3(9k? + 8ks + 28F'sgn (s) + 202 /k2) <0 (39)
2k? 4 F'sgn (s) > 0
k2 + Fsgn (s) — k3ky > 0

From Eq. (39), Eq. (40) can be rewritten as:
Amin (Q) HCHz < Vi < Amax (Q) ||C||2 (40)

From the quadratic standard inequality, we can see that

1s[V/2 < |I¢)l < V2 A2 Q) (41)

where [|¢[| = y/Is| + [s|” + []”.

In summary, it can be concluded that

. 1
1= —Hil/QCT (Pl - Ml)c - CT (P2 - M2)C
S
< —mV? = eV ? <0 (42)
1/2 _ 1/2 _
Whel‘e Nl — )\min (/(\)l}“)a;;((PQl) Ml)’ N2 = Am"}\n(‘:::z(inh)’ )\mm(Q) and

Amax (Q) are the minimum and maximum eigenvalues of Q, re-
spectively. For Eq. (42), the system state error will converge to
zero in finite time.

TABLE 2. The experimental conditions.

Time Perturbation Perturbation Range

0s n/r/min 0—1000
0.1s Tr/N-m 0—10
02s n/r/min 1000—2000
03s /Wb 0.171—0.14
04s n/r/min 2000—1000
0.5s Rs/Q 1.9-2.9
0.6s Ls/H 0.00334—0.0047

This paper uses H(s) instead of sgn(s), and H(s) is ex-
pressed as:

H(s) = (43)

where o > 0.

5. ANALYSIS OF SIMULATION AND EXPERIMENT
RESULTS

Table 1 shows the parameters of PMSM. Fig. 1 displays the con-
trol block diagram of PMSM. To verify the disturbance rejec-
tion performance of the proposed control strategy, comparative
experiments are conducted under motor parameter perturbation
conditions as specified in Table 2. Fig. 2 presents the simula-
tion comparison among PI, conventional ADRC, and Improved
ADRC (IADRC).

Remark 1: a is rectified by a = 3n,v;/2J L, in the sys-
tem; 1y and ly are the gain coefficients for the system state vari-
ables and directly influence the dynamic quality of the sliding
surface. To ensure finite-time convergence of the sliding sur-
face and optimize control performance, the parameter tuning
process adheres to the following procedure: Firstly, a preset
baseline value is established for the parameters based on the-
oretical analysis or empirical knowledge to guarantee global
stability of the system. Subsequently, each parameter is fine-
tuned progressively to optimize the transient response and sup-
press chattering; ki, ks, and ks, as the key parameters of the
fast super-twisting (FST) control law, directly determine the dy-
namic quality of the convergence process of the sliding mode
variable structure. To optimize system performance, this study
adopts a speed-comparison-based tuning method: by analyzing
the system's response characteristics under two speed settings
of 1000v/min and 2000r/min, and considering the observed
chattering level, these parameters are fine-tuned accordingly
to achieve an optimal balance between convergence speed and
steady-state accuracy. o is primarily employed to suppress
high-frequency chattering in the sliding mode motion, repre-
senting a form of local performance optimization. Its tuning
is based on the speed waveform of the motor during steady-
state operation. By observing and quantifying the amplitude
of speed fluctuations, this parameter is adjusted accordingly to
maximize the smoothness of the control output while preserving
dynamic performance, o > 0.
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FIGURE 1. The control block diagram of the PMSM system.
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FIGURE 2. Simulation results of PI, ADRC, and IADRC. (a) Simulation results of n. (b) Simulation results of T,. (c) Simulation results of 74. (d)

Simulation results of ¢,. (e) The error of n.

5.1. Analysis of Simulation Results

Figure 2(a) illustrates the speed response characteristics un-
der different control strategies. When the speed steps from
0 r/min to 1000 r/min, the IADRC achieves steady speed within
0.008 s, whereas the PI and conventional ADRC require 0.02 s
and 0.015s, respectively. At 0.2s, when the speed changes

from 1000 r/min to 2000 r/min, the ITADRC continues to demon-
strate superior dynamic performance, completing speed track-
ing by 0.21 s, compared to 0.22 s and 0.23 s for the PI and con-
ventional ADRC, respectively. Moreover, under the parame-
ter perturbations, both PI and conventional ADRC exhibit no-
ticeable speed fluctuations and overshoot, with longer recovery
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FIGURE 3. The THD analysis of i, for PI, ADRC, and IADRC. (a) PI. (b) ADRC. (c) IADRC.

times. In contrast, the IADRC rapidly and accurately tracks the
given speed, achieving significantly better steady-state accu-
racy than traditional methods.

Figures 2(b)—(d) compare the torque and d-q axis current
waveforms under different control strategies. The results
demonstrate that the IADRC yields superior stability in both
transient and steady-state processes, with the smallest ripple
amplitude.

Figure 2(e) further validates the superiority of the IESO.
Compared to the traditional ESO, IESO exhibits faster tracking
speed and reduced overshoot under parameter perturbations,
while effectively suppressing observer chattering.

Based on the stator phase current total harmonic distortion
(THD) spectral analysis shown in Fig. 3, THD values for the
PI controller, conventional ADRC, and proposed method are
13.18%, approximately 9.3%, and only 5.71%, respectively.
These results indicate that the proposed method significantly
reduces high-frequency current harmonics in the motor drive
system. Compared to both conventional PI and ADRC, IADRC
strategy achieves a smoother speed output, leading to substan-
tially improved harmonic suppression performance and further
demonstrating the superior control capability of the proposed
approach.

5.2. Analysis of RT-LAB Results

To verify the feasibility and effectiveness of the proposed al-
gorithm, the model of PMSM is constructed using an RT-LAB
(HIL) platform. Fig. 4 depicts the RT-LAB (HIL) experimental
platform. Fig. 5 presents the RT-LAB experimental results for
PI, ADRC, and IADRC.

Based on the simulation results shown in Figs. 2 and 5, the
overall performance of Pl and ADRC is limited. In contrast, the

|

DSP
Controller
TMS320F2812

HEC)

FIGURE 4. The experimental platform of RT-LAB.
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FIGURE 5. The RT-LAB experimental results for PI, ADRC, and TADRC. (a) PI. (b) ADRC. (C) IADRC.

TABLE 3. The comparison of the results for PI, ADRC, and IADRC.

Performances PI ADRC TADRC
Speed Response 0.03 0.02 0.009
Torque Ripple 14.3% 10.9%  8.26%
Speed Error 0.54 0.31 0.21
THD 13.18%  9.3% 5.71%

proposed IADRC method effectively overcomes these short-
comings, enabling the PMSM drive system to achieve high-
precision control. Table 3 summarizes the performance com-
parison among PI, ADRC, and IADRC.

The data in Table 3 collectively demonstrate the superior per-
formance of the proposed method, characterized by rapid and
overshoot-free speed tracking, smoother speed output, minimal
transient current, and significantly reduced torque ripple, lead-
ing to enhanced overall reliability.

6. CONCLUSION

To enhance the disturbance rejection capability and robust sta-
bility of PMSM, this paper proposes an IADRC strategy based
on FST-NFNTSMC. The proposed approach follows the tech-
nical framework below:

(1) A second-order mathematical model of the PMSM speed-
current dual-loop system is established. To address the system
oscillations caused by the differentiation of the speed reference
in traditional linear error feedback control, a novel composite
sliding mode error feedback control law is proposed by integrat-
ing the FST algorithm with the NFNTSM. The FST-NFNTSM

control law effectively suppresses the influence of the second-
order derivative of the system speed caused by the Tracking
Differentiator (TD), owing to its integration of the advantages
of both the Fast Super-Twisting algorithm and Non-singular
Terminal Sliding Mode.

(2) IESO is designed based on disturbance rejection theory.
It significantly enhances the dynamic convergence speed and
effectively strengthens the disturbance rejection capability and
robustness of the motor’s cascade closed-loop control system.

(3) Finally, the proposed composite control algorithm is ex-
perimentally validated using an RT-LAB platform. The test re-
sults demonstrate that the control strategy exhibits significant
improvements in dynamic performance and disturbance rejec-
tion capability, confirming the effectiveness and superiority of
the proposed method.
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