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ABSTRACT: When permanent magnet synchronous motors (PMSMs) drive flexible loads, unknown disturbances (such as sudden load
torque changes, parameter uncertainties, and unmodeled dynamics) can degrade the control performance of the system and may even
cause irreversible physical damage. To deal with this problem, this paper presents an improved non-singular terminal sliding mode
control (INTSMC) scheme based on a finite-time extended state observer. First, the acceleration feedback is introduced into the speed
loop to establish the dual-inertia model of the PMSM flexible load system. Secondly, the conventional exponential reaching law is
improved to obtain a novel reaching law with adaptive adjustment of the convergence speed, and a novel INTSMC controller is designed
accordingly to enhance the system response speed. Then, a finite-time extended state observer (FTESO) is designed to estimate the
disturbances of the system, and the estimated disturbances are compensated for the INTSMC controller to achieve convergence in finite
time and improve the robustness of the system. The finite-time stability theory is used to prove the stability of the designed controller
and observer. Finally, the simulations and experiments demonstrate the effectiveness of the proposed control scheme in improving the
system’s anti-disturbance capability.

1. INTRODUCTION

In high-performance motion control systems, PMSMs are typ-
ically coupled to the load via a flexible transmission mecha-

nism [1]. The speed and angular displacement differences be-
tween the motor and load can easily occur with high-gain con-
trol conditions. Furthermore, motor parameter variations and
unknown external disturbances may induce system resonance,
thereby degrading control performance.
The motor drive and load systems are commonly modeled

as dual-inertia systems interconnected by flexible couplings.
To improve system performance, various control strategies
have been proposed, such as active disturbance rejection con-
trol [2, 3], proportional-integral (PI) control [4], adaptive con-
trol [5], model predictive control [6], and sliding mode con-
trol (SMC) [7]. Conventional linear SMC is widely employed
due to its robustness, fast dynamic response, and excellent dis-
turbance rejection capabilities. However, conventional linear
SMC only achieves asymptotic convergence. Moreover, the
inherent discontinuity of the switching function often induces
system chattering [8].
In contrast, terminal SMC (TSMC) makes the system state

converge to zero in a finite time. For instance, an integral
TSMC strategy was proposed for uncertain nonlinear systems
to ensure that the system state starts on the sliding surface, thus
eliminating the reaching time and achieving finite-time conver-
gence [9]. Similarly, a discrete TSMCwas proposed to enhance
the system’s dynamic and static characteristics as well as its re-
sistance to disturbances [10]. However, TSMC exhibits a sin-
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gular phenomenon. Nonsingular TSMC (NTSMC) solves the
singularity problem, but it converges slowly when the system
state is far away from the point of equilibrium [11]. Nonsin-
gular fast TSMC (FTSMC) solves the singularity problem and
accelerates the convergence of the TSMC [12]. Furthermore,
a nonlinear variable-gain NFTSMC was developed that incor-
porated a nonlinear function with variable parameters into the
TSMC to improve response speed and reduce chattering [13].
Uncertainty disturbances are often difficult to measure di-

rectly in PMSM dual-inertia systems. Extended state observer
(ESO) is commonly used to estimate these disturbances. The
core idea of ESO is to consider unknown disturbances as an
extended state and design an observer to estimate and compen-
sate them, thus enhancing the system’s robustness [14]. How-
ever, ESO is ambiguous in its design, and its convergence is
not guaranteed theoretically. To overcome these limitations,
ESO has been continuously improved. Two adaptive ESOs
are designed to estimate back electromotive forces (EMFs) and
achieve sensorless PMSM control [15]. A finite-time conver-
gent ESO was proposed, combined with a homogenous con-
troller for disturbance compensation to improve tracking per-
formance and ensure finite-time convergence [16]. Integrating
finite-time stability techniques into the design of ESO enables
rapid and precise estimation of states and disturbances within a
finite time [17].
In addition to designing the ESO, integrating compensation

algorithms, such as acceleration feedback, into the controller
can also compensate disturbances. Acceleration feedback was
used for the control of launch vehicles by constructing an ESO
to compensate wind disturbances and uncertain aerodynam-
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ics [18], but this approach resulted in insufficient dynamic re-
sponse. The acceleration feedback was introduced in the speed
loop, and NTSMC was designed to reduce the effect of me-
chanical resonance in PMSM dual-inertia systems [19], but this
method was validated only through simulation. An SMC based
on finite-time ESO (FTESO) was designed to improve the anti-
disturbance property of PMSM [20], but the influence of the
rotational inertia of the load was not taken into account.
This paper proposes an improved NTSMC (INTSMC)

approach based on finite-time ESO (hereafter referred to as the
FTESO-based INTSMC approach, i.e., the INTSMC+FTESO
approach). The approach incorporates motor acceleration
feedback into the speed loop to improve the robustness of
a PMSM dual-inertia system with uncertain disturbances.
The FTESO-based INTSMC approach is compared with the
NTSMC based on a conventional ESO (hereafter referred to
as the NTSMC+ESO approach) and proportional-integral (PI)
control.
The main contributions of this article are as follows:

(i) We combine INTSMC and FTESO methods to improve
the performance of a PMSM dual-inertia system. More
specifically, FTESO ensures accurate estimation of un-
known disturbances, and INTSMC improves the robust-
ness of the system to unknown disturbances.

(ii) We design an FTESO that combines the advantages of a
finite-time observer and a conventional ESO. It not only
observes the system state, but also provides feedback and
compensates disturbances. This design ensures fast con-
vergence of the tracking error in finite time while signifi-
cantly enhancing the robustness of the system.

(iii) We utilize the concept of finite-time convergence to
demonstrate the stability of the designed method and
solve for the convergence time of the system. Then, the
effectiveness and superiority of the proposed approach
are verified by simulation and experiment.

This paper is structured as follows. Section 2 presents the
mathematical model of the PMSM dual-inertia system with ac-
celeration feedback. Section 3 describes the INTSMC approach
and includes the design and stability proofing of the speed loop
controller. Section 4 develops an FTESO and demonstrates its
stability using the finite-time stability theorem. The validity of
the proposed approach is verified through simulation and ex-
perimentation in Section 5. Finally, Section 6 concludes the
paper.

2. MATHEMATICAL MODELLING OF PMSM DUAL-
INERTIA SYSTEMS
This section presents the dynamic model of the PMSM dual-
inertia system with the introduction of acceleration feedback,
which will be used to design the INTSMC in the next section.
The PMSM drags the load through the flexible transmission

mechanism, which has a certain stiffness coefficient and damp-
ing coefficient. When the motor drives the load, the torsional
deformation occurs on the flexible transmissionmechanism and

generates torque. Compared with the motor and load, the iner-
tia of the flexible transmission mechanism is very small, so it
is negligible. Then, the flexible transmission mechanism be-
tween the motor and load is equivalent to the dual-inertia sys-
tem model shown in Fig. 1.
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FIGURE 1. PMSM dual-inertia system.

In Fig. 1, JM is the rotational inertia of the motor; JL is the
moment of inertia of the load; ωm is the mechanical angular
velocity of the motor; ωL is the angular velocity of the load; bs
is the torsional damping coefficient; Ks is the stiffness coeffi-
cient; Te is the electromagnetic torque; TL is the load torque;
Ts is the shaft torque.
The introduction of acceleration feedback in the speed loop

is equivalent to increasing the rotational inertia of the motor
from JM to JM (1 +GV D). In practical engineering, it does
not increase the size and weight of the motor, and increases
the active damping of the system, which is conducive to the
suppression of chattering vibration [19].
The mathematical model of the PMSM dual-inertia system

with acceleration feedback in the d-q axis is:

did
dt

= (ωeiqLq −Rsid + ud)
1

Ld
diq
dt

= (−ωeidLd −Rsiq − ωeψr + uq)
1

Lq

dωe
dt

=

[
p2nψriq − bs (ωe − ωl)−Ks (θe − θl)

]
JM (1 +GV D)

dωl
dt

= [bs (ωe − ωl) +Ks (θe − θl)− TLpn]
1

JL

θ̇e = ωe

θ̇l = ωl

(1)

where

ud, uq: d-q axis stator voltage (V);
id, iq: d-q axis stator current (A);
Ld, Lq: d-q axis nominal stator inductance (H);
Rs: stator resistance (Ω);
ψr: amplitude of PM flux (Wb);
ωe: electrical angular velocity of the motor side (rad/s),
ωe = pnωm;
ωl: electrical angular velocities of the load side (rad/s),
ωl = pnωL;
θe: electrical angular of the motor side (rad), θe = pnθm;
θl: electrical angular of the load side (rad), θl = pnθL;
pn: number of pole pairs;
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GV D: acceleration feedback gain.

The motor side electrical angular acceleration, a1, is

a1 =
dωe
dt

(2)

The load side electrical angular acceleration is defined as a2.
Selecting the state variable x = [x1 x2]

T = [θe ωe]
T ∈ R2,

the mechanical equation of motion of the motor side is ex-
pressed as {

ẋ1 = x2

ẋ2 = ax2 + bu+ d
(3)

where a = −bs
JM(1+GVD)

, b =
p2nψr

JM(1+GVD)
, d = bsωl−Ks(θe−θl)

JM(1+GVD)
,

u = iq.
Considering the unknown disturbances in practical applica-

tions, (3) is rewritten as
ẋ1 = x2

ẋ2 = (a+∆a0)x2 + (b+∆b0)u+ (d+∆d0)

= a0x2 + b0u+ h

(4)

where a0, b0, d0 are the nominal values of a, b, d, respectively;
∆a0,∆b0,∆d0 are the parameter perturbation values; and h is
the unknown lumped disturbance.

Assumption 1 The unknown lumped disturbance h is continu-
ously differentiable with respect to time.

Assumption 2 The rate of change of the lumped disturbance is
unknown but bounded. This means that the following inequality
holds. ∣∣∣ḣ∣∣∣ ≤ ˙̄h (5)

where ˙̄h is a known upper bound of the change rate of distur-
bance ḣ.

3. DESIGN OF INTSMC
In this section, we propose an INTSMC method based on the
improved exponential reaching law, and the stability is proved.
Then, the controller is designed to regulate the speed loop of
the PMSM dual-inertia system.
Define the electrical angular velocity tracking error as:

e = ω∗
e − ωe (6)

where ω∗
e is the given electrical angular velocity of the motor.

An NTSM surface is used to ensure the finite-time conver-
gence of the system:

s1 = e+ γ1ė
p/q (7)

where γ1 > 0, and p and q are both odd numbers greater than
0, q < p.
Derivation of (7) gives:

ṡ1 = ė+ γ1ë
p/q (8)

Using the conventional exponential reaching law
ṡ = −εsign(s) − ks (ε > 0, k > 0), the NTSMC control
law is obtained as:

usmc1 =
1

b0

∫ t

0

(−a0ẋ2 + εsign(s1) + ks1)dτ

− 1

b0

∫ t

0

(
˙̂
h− q

γ1p
ė2−p/q

)
dτ

(9)

where ĥ is the estimated disturbance, and its derivative ˙̂
h is a

bounded quantity.
However, the conventional exponential reaching law exhibits

two critical deficiencies: suboptimal convergence and inad-
equate chattering suppression. Therefore, we design an im-
proved exponential reaching law which adaptively adjusts the
convergence rate:

ds
dt

= −λf(s)sign(s)− k2s

f(s) =
k1

1/[ln(|s|+ e)]η + k1/(|s|+ 1)

(10)

where λ, k1, k2 are greater than 0, η > 1, and e is a natural
constant.

Remark 1 The reaching law is based on the exponential reach-
ing law and introduces a polynomial function. This function
combines the absolute value of the sliding mode surface func-
tion |s|. Therefore, the reaching law achieves adaptive speed
adjustment based on the proximity of the state and the sliding
mode surface, thereby reducing convergence time.

From (4) and (10), INTSMC control law is designed as:

usmc2 =
1

b0

∫ t

0

(−a0ẋ2 + λf(s1)sign(s1) + k2s1) dτ

+
1

b0

∫ t

0

(
q

γ2p
ė2−p/q − ˙̂

h

)
dτ

(11)

The sliding surface gain of INTSMC is γ2. As can be seen
from (11), the estimated disturbance is fed back into the control
law to attenuate their effect on the system. Figure 2 shows the
diagram of the designed INTSMC.

Theorem 1 Choosing the sliding mode surface (7), selecting
the reaching law (10), and designing the sliding mode control
law (11), the state error variables converge in finite time.

Proof 1 The Lyapunov function is chosen as:

V1 =
1

2
s21 (12)

Derivation of (12) leads to (13):

V̇1 = s1ṡ1 = s1

[
ė+ γ2 (p/q) ė

p/q−1ë
]

≤ −γ2 (p/q)
[
k2s

2
1 +

(
λf (s1) +

˙̃
h
)
|s1|

]
ėp/q−1

≤ −η1V 1/2
1 − η2V1 ≤ 0

(13)
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FIGURE 2. Block diagram of INTSMC.

where η1 =
√
2γ2

[
λf (s1) +

˙̃
h
]
(p/q) ėp/q−1, η2 = γ2 (p/q)

ėp/q−1k2.
Multiplying both sides of (13) by 0.5V −1/2

1 , we get

dV1/2
1

dt
+ 0.5η2V

1/2
1 ≤ −0.5η1 (14)

Multiplying both sides of (14) by e0.5η2t yields

d
(
e0.5η2tV 1/2

1

)
dt

≤ −1

2
η1e0.5η2t (15)

Let V1 (t1) = 0 and integrating both sides of (15) simultane-
ously from time 0 to time t1, we get

−e0.5η2tV 1/2
1 (0) ≤ −η1

η2

(
e0.5η2t1 − 1

)
(16)

The convergence time of the sliding mode surface is solved
as:

t1 ≤ 2

η2
ln
(
1 +

η1
η2
V

1/2
1 (0)

)
(17)

Construct the Lyapunov function as

V2 =
1

2
e2 (18)

Derivation of (18) yields

V̇2 = −e
(
e

γ2

)q/p
≤ −

√
2

∣∣∣∣ eγ2
∣∣∣∣q/p V 1/2

2 ≤ 0 (19)

Shifting the terms of (19) yields

V̇2 +
√
2

∣∣∣∣ eγ2
∣∣∣∣q/p V 1/2

2 ≤ 0 (20)

Finally, from (20), the variable e converges in finite time t2 ≤
√
2
∣∣∣ eγ2 ∣∣∣−q/p V 1/2

2 (0).

To solve the sliding mode chattering problem caused by the
switching function sign (s), the continuous function sign(s) =
s/ (|s|+ σ) is used to replace the switching function, where
σ is a smaller positive number.

4. DESIGN OF FTESO
This section designs an FTESO to make the estimation error
of the unknown disturbances converge in finite time and feed
the estimated unknown disturbances back to the controller to
reduce its effect.
The conventional ESO is

˙̂x2 = a0x̂2 + ĥ− β0 (x̂2 − x2) + b0u

˙̂
h = −β1 (x̂2 − x2)

(21)

where β0 and β1 are positive numbers.

Remark 2 Conventional ESO is usually unable to respond to
unknown disturbances in a finite time, thus affecting the per-
formance of the controller.

Remark 3 Finite-time control techniques can provide faster
convergence and better anti-disturbance performance. To fur-
ther improve the response speed of the PMSM dual-inertia sys-
tem and effectively suppress chattering, an FTESO is designed
based on the ESO.

The mechanical equations are rewritten so that θ̂e, ω̂e, and ĥ
denote the estimated values of the state variables θe, ωe, and the
lumped disturbance h, respectively. The state equations of the
FTESO is obtained as:{

˙̂x1 = x̂2 − c1sig (x̂1 − x1)
1/2

˙̂x2 = a0x̂2 + b0u− c2sig (x̂1 − x1)
(22)

where sig(·)η = sign(·)| · |η , η > 0, c1, c2 are the gains of
FTESO to be designed. By choosing the appropriate observer
gain, the lumped disturbance can be accurately estimated.

Lemma 1 [21] Suppose that V : D → R is a continuous func-
tion that satisfies:

(i) V is positive definite;

(ii) There exist real numbers c > 0, g ∈ [0, 1], α ∈ (0, 1),
0 < ς < ∞, and an open region U ⊆ D near the origin
such that:
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V̇ (x, t) ≤ −cV (x, t)α + ς, x(t) ∈ U\{0}.
Then, the system stabilizes in finite time. The convergence

time is

T ∗ ≤ 1

cg (1− α)
V 1−α (x, 0) (23)

Define the estimation error as{
e1 = x̂1 − x1

e2 = x̂2 − x2
(24)

where e1 is the motor-side electrical angle estimation error, and
e2 is the motor-side electrical angular velocity error.
Subtracting (4) from (22), the error equation is obtained as{

ė1 = e2 − c1sig(e1)1/2

ė2 = a0e2 − h− c2sig(e1)
(25)

where c1 > 0 and c2 > 0 are the gains of the FTESO.

Theorem 2 Choosing appropriate gains c1 and c2, the estima-
tion error of (25) converges in finite time, and the estimated
lumped disturbance is expressed as:

lim
t→t∗

ĥ = a0e2 − c2sig(e1) (26)

Proof 2 Construct the following Lyapunov function:

V (e1, e2) = ēTQē (27)

where ē =
[
sig (e1)1/2 e2

]T
, Q is a symmetric positive defi-

nite matrix.

LetQ =

[
q11 q12
q21 q22

]
, and q12 = q21 and det (Q) > 0. If the

parameters of the matrix satisfy q11 > 0, then the Lyapunov
function V (e1, e2) is positive definite. The following standard
inequality is obtained from (27):

λmin (Q) ∥ē∥22 ≤ V (e1, e2) ≤ λmax (Q) ∥ē∥22 (28)

where λmin (Q) and λmax (Q) are the minimum and maximum
eigenvalues of the Q, respectively.

Then, Equation (29) can be obtained from (28):

V 1/2(e1, e2)/λ
1/2
max (Q) ≤ ∥ē∥2 (29)

Since d[sig(e1)1/2]
dt = |e1|−1/2ė1

2 , the first order derivative of
matrix ē is

˙̄e=
[
|e1|−1/2ė1/2 ė2

]T
=
[
|e1|−1/2

(
e2−c1sig(e1)1/2

)
/2 a0e2−h+c2sig(e1)

]T
=

[
−ρc1/2 ρ/2
c2/ρ a0

]
ē−

[
0
1

]
h = Aē+Bh

(30)

where ρ = |e1|−1/2 is positive.
The characteristic equation of the matrix A is

G (s) = s2 + (ρc1/2− a0) s+ (c2 − a0ρc1) /2

. If (ρc1/2− a0) > 0, (c2 − a0ρc1) > 0, then we can get that
all the coefficients of the polynomial G (s) are positive, and
matrix A satisfies the Hurwitz condition, so the error transfer
function matrix A is stable.

Taking the first order derivative of (27) yields

V̇ (e1, e2) = ˙̄e
T
Qē+ ēTQ ˙̄e

= (Aē+Bh)
T
Qē+ ēTQ (Aē+Bh)

= ēT
(
ATQ+QA

)
ē+ 2hB̃Tē

(31)

where B̃T
= −BTQ =

[
q12 q22

]
,
∥∥B̃∥∥

2
=

√
q212 + q222.

Let l =
√
q212 + q222, and since A is a Hurwitz matrix, it

follows from the properties of Hurwitz matrices that there exists
a positive definite matrix P , such that Q solves the Lyapunov
equation.

Define the positive definite matrix as

P = −
(
ATQ+QA

)
= −

[
p11 p12
p21 p22

]
(32)

where p11 = −ρc1q11 + 2c2
ρ q12, p22 = ρq12 + 2a0q22, p12 =

p21 = ρ
2q11 −

ρc1
2 q12 +

c2
ρ q22 + a0q12.

Equation (31) can be converted to

V̇ (e1, e2) = −ēTPē+2hB̃Tē

≤ −λmin (P) ∥ē∥22 + 2 |h| l × ∥ē∥2
(33)

From (28) and (33), we get

V̇ (e1, e2) ≤ − λmin (P)
λ
1/2
max (Q)

∥ē∥2 V
1/2(e1, e2)

+ 2 |h| l ∥ē∥2

≤ − λmin (P)
λ
1/2
max (Q)

∥ē∥2 V
1/2(e1, e2) +M

(34)

whereM = 2 |h| l ∥ē∥2.
By Lemma 1, when 0 ≤ g ≤ 1, the estimated error converges

in finite time. The convergence time is

t∗ ≤ 2λ
1/2
max(Q)

g ∥ē∥2 λmin(P)
V 1/2 (ei, 0) (i = 1, 2) .

When t < t∗ and ∀ρ > 0, there exists
∣∣∣ĥ− h

∣∣∣ < ρ; when

t > t∗, the estimated lumped disturbance is obtained according
to (25):

lim
t→t∗

ĥ = a0e2 − c2sig(e1) (35)

Figures 3 and 4 present the block diagrams of the FTESO
and the control of the PMSM dual-inertia system, respectively.
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FIGURE 3. Block diagram of FTESO.

5. SIMULATION AND EXPERIMENTATION

5.1. Simulation Results and Analysis
The dual-inertia PMSM model is established by using MAT-
LAB/Simulink to verify the superiority of the proposed
scheme. The motor is controlled by id = 0, and the simulation
running time is set to 1.8 s. The sampling period of simulation
is 10µs. Table 1 shows the nominal parameters of the PMSM
dual-inertia system, while Table 2 lists the parameters of the
three control algorithms, namely, FTESO-based INTSMC
(INTSMC+FTESO), conventional ESO-based NTSMC
(NTSMC+ESO), and PI controller. Among them, the first two
methods use the same acceleration feedback gain GVD = 2.
The electrical angular velocity of the motor increases from

200 rad/s to 400 rad/s; at 1.3 s, the load torque increases by 3.5
times. Figs. 5 and 6 show the simulation comparison of the
INTSMC+FTESO method with PI control and NTSMC+ESO
method.

TABLE 1. Parameters of system.

Parameters Unit Values
DC link voltage (Udc) V 350
Rotor PM flux (ψr) Wb 0.171
Stator inductance (Ld) H 0.00334
Stator inductance (Lq) H 0.00334
Number of pole pairs (pn) pairs 4
Stator resistance (Rs) Ω 1.9
Rotational Inertia (JM ) kg ·m2 0.025
Stiffness coefficient (Ks) N ·m · s/rad 300

TABLE 2. Parameters of control schemes.

PI NTSMC INTSMC
P = 2 k = 10 λ= 1338
I = 650 ε= 870 γ2 = 0.48

γ1 = 0.013 k1 = 0.993
k2 = 4500.5
η = 2

Figures 5(a) and 5(b) show the electrical angular velocity
curves of the motor side and load side, respectively. It can be
seen that:

(i) Both the motor and load-side electrical angular velocities
of the PI control and NTSMC+ESO methods exhibit ex-
cessive overshooting and slow convergence, whereas the
motor-side and load-side electrical angular velocities of
the INTSMC+FTESOmethod achieve fast and stable tran-
sition to steady state.

(ii) At 1.3 s, the load torque changes abruptly. The motor-
side electrical angular velocity of NTSMC+ESO recov-
ers to a steady state at about 1.308 s with large fluctu-
ation, while the recovery time of the INTSMC+FTESO
method is shortened by 90.76% compared to the PI control
method and 40% compared to the NTSMC+ESO method.
In addition, the load-side electrical angular velocity of
INTSMC+FTESO is less affected by the sudden change.

This shows that the INTSMC+FTESO method has
better anti-disturbance performance than PI control and
NTSMC+ESO methods.
Figures 6(a) and 6(b) show the electrical angular acceleration

curves of the motor side and load side, respectively. It can be
concluded that:

(i) INTSMC+FTESO control strategy exhibits the most
excellent performance, with faster acceleration re-
sponse speeds on both the motor and load sides than
NTSMC+ESO method.

(ii) In contrast, PI control suffers from obvious oscillations
and has a slower response speed.

(iii) This indicates that the performance of the PMSM dual-
inertia system using INTSMC+FTESO control strategy is
more stable.

Figure 7 shows the simulation results of d-q axis currents,
and Fig. 8 shows the output torque curve. It can be seen that
INTSMC+FTESOmethod is more stable in controlling d-q axis
currents and output torque with minimum pulsations and shows
better control performance in both transient and steady states.
INTSMC uses FTESO to estimate the disturbances, and

NTSMC uses ESO to estimate the disturbances. Fig. 9 shows
the electromechanical angular velocity tracking errors of
FTESO and ESO. Fig. 10 shows the estimated unknown
disturbances of FTESO and ESO.
It can be seen from Fig. 9 that the electrical angular velocity

tracking errors of both ESO and FTESO converge in a shorter
time. FTESO is less affected by the sudden change of electric
angular velocity and load torque, and has better stability per-
formance. It can be seen from Fig. 10 that FTESO provides a
more accurate estimation of unknown disturbances and faster
tracking response to sudden changes than ESO.

5.2. Experimental Results and Analysis
Figure 11 shows an RT-LAB (OP5600) experimental platform,
which is mainly composed of a host computer, digital signal
processing (DSP), and OP5600. TMS230F2812 is the con-
trol chip of the DSP, and the RT-LAB (OP5600) simulates the
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PMSM dual-inertia system. The experimental and simulation
parameters are kept consistent.
Figure 12 shows the experimental results of the three meth-

ods of PI, NTSMC+ESO, and INTSMC+FTESO, respectively.
It can be concluded that:

(i) The designed INTSMC+FTESO method has the fastest
electromechanical angular velocity response and the

smallest steady error during sudden changes of electric
angular velocity and load torque.

(ii) After the load torque is increased to 35 N · m, PI
and NTSMC+ESO methods have deficiencies in anti-
disturbance performance and convergence speed, while
INTSMC+FTESO method has the smallest current fluc-
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FIGURE 12. Experimental results of PI, NTSMC+ESO, and INTSMC+FTESO.

tuation; the output torque is more stable; and it performs
excellently in dynamic response and steady state.

6. CONCLUSION
Aiming at the problem of control performance degradation
caused by unknown disturbances in the PMSM dual-inertia
system, this paper proposes an INTSMC approach based on
FTESO. The proposed INTSMC+FTESO method was com-
pared with PI control and NTSMC+ESOmethods. The follow-
ing conclusions are drawn:

(i) The dual-inertia model of a PMSM-driven flexible load
system is developed. The INTSMC is designed using a
new reaching law that adaptively adjusts the convergence

speed. It achieves an effective balance between the system
convergence speed and chattering attenuation.

(ii) The designed FTESO estimates the interference and
performs accurate feed-forward compensation for the
INTSMC to ensure the robustness of the system.

(iii) By comprehensive comparison with PI control
and NTSMC+ESO method, it is verified that
FTESO+INTSMC method has better anti-disturbance
capability and effectively suppresses current and torque
pulsations.

Developing cascaded ESOs to classify and compensate dis-
turbances is a promising strategy. In the future, we will apply
it to PMSM dual-inertia system.
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