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ABSTRACT To solve the problems that control performance of high torque traction interior permanent
magnet synchronous motor (IPMSM) is degraded by parameter perturbation and unknown disturbance, this
paper proposes a novel Improved Super-Twisting non-singular fast terminal sliding mode control strategy
(IST-NFTSMC) for IPMSM based on Extended Nonsingular Fast Terminal Sliding Mode Disturbance
Observer (ENFTSMDO). Firstly, the mathematical model of IPMSM under parameter perturbation is
established; Then, an improved Super-Twisting nonsingular fast terminal sliding mode speed controller (IST-
NFTSMC) based on extended nonsingular fast terminal sliding mode disturbance observer (ENFTSMDO) is
designed, in which the improved Super-Twisting control law designed can effectively weaken the chattering
of traditional NFTSMC, and ENFTSMDO can more accurately observe the unknown disturbance part of
the system in real-time than ESMDO; Finally, compared with PI control and traditional NFTSMC control
by simulations and experiments, the method proposed has merits of accelerating convergence, improving
steady-state accuracy and minimizing the current and torque pulsation.

INDEX TERMS Interior permanent magnet synchronous motor (IPMSM), improved super twisting (IST-
), nonsingular fast terminal sliding mode (NFTSM), extended nonsingular fast terminal sliding mode
disturbance observer (ENFTSMDO).

I. INTRODUCTION
Interior permanent magnet synchronous motor (IPMSM) has
been widely used in Urban rail transit, intelligent robots, and
other related fields because of its Strong overload capacity,
small size, and other advantages [1], [2], [3]. Compared with
the asynchronous motor, the IPMSM has lower torque ripple
and higher average efficiency in the speed control system [4].
At present, PI control is widely used in the field of train
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traction engineering due to its simple algorithm and mature
technology [5]. However, IPMSM is vulnerable to unknown
disturbances and other uncertain factors. But the traditional
linear PI control can’t suppress the influence of disturbances
due to its integral saturation and other limitations, result-
ing in the overall control performance degradation [6]. For
the high-performance control of IPMSM in speed regulation
systems, many advanced control methods have been applied
to the field of motor control, such as inverse control [7],
robust control [8], state feedback control [9], adaptive con-
trol [10], sliding mode control (SMC) [11], [12], [13], [14],
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etc. Among them, the SMC algorithm has attracted much
attention because of its simple algorithm and strong external
anti-interference [15].

Because SMC can change the dynamic characteristics of
the drive system by using the switching control law, it is
insensitive to the changes in system parameters and canmain-
tain a fast dynamic response [16]. Compared with traditional
Line Sliding Mode Control (LSM), it has the characteristics
of gradual convergence [17], Terminal Sliding Mode (TSM)
can achieve finite time convergence, but it will make the
system singular [18]; Integrated Sliding Mode Control (ISM)
can accelerate the convergence speed, but the chattering is
large [19]; NFTSM eliminates the singularity of TSM and
realizes the rapid convergence of the controlled system in
a finite time [19]. In [8], a finite set model fault-tolerant
predictive control algorithm is proposed, which effectively
suppressed the system disturbance, but the system tracking
accuracy needs to be improved. According to the traditional
sliding mode theory, an improved NTSMC method is pro-
posed, which combines MFC and NTSM, but only considers
fault tolerant control in the case of loss of excitation, without
considering the impact of other motor parameter changes on
the system [20]. In [21], an adaptive NTSM flux observer is
designed to accurately estimate flux. [22] uses the traditional
sliding mode observer (SMO) to estimate the unknown part
of the super local model, and feedforward compensation can
effectively suppress parameter perturbation, but the chatter-
ing caused by the high gain of the traditional SMO cannot
be avoided. Compared with [22], [23] proposes a new super
64 local model and uses an ESMDO to estimate the unknown
part of the super local model, effectively suppressing the
66 current ripple under parameter perturbation, and improv-
ing the robustness of the control system. [24] proposes a dead-
beat predictive control algorithm based on the combination
of a new reaching law and an extended state observer (ESO),
which effectively increases the robustness of the systemwhile
ensuring the current rapidity. In [25], an intelligent super
twisting sliding mode controller is designed for the robust
control of power flow between the motor stator and the power
grid of the wind turbine generator, the simulation demon-
strates that the method can effectively eliminate the power
fluctuation in traditional methods. [26] uses a super-twisting
sliding mode control method to track and control the output
speed of switched reluctance motor, effectively eliminating
chattering. In [28], a super-twisting sliding mode observer 80
based on model reference adaptive is designed for ship six-
phase induction motor.

In order to improve the control performance of IPMSM
under time-varying disturbances, this paper proposes an
improved super-twisting non-singular fast terminal sliding
mode control method (IST-NFTSMC) for IPMSM based on
the extended non-singular fast terminal sliding mode distur-
bance observer (ENFTSMDO). This method combines the
third-order super-twisting (IST-) and nonsingular fast termi-
nal sliding mode (NFTSM) to form an improved nonsingular

fast terminal sliding mode controller, while designing an
extended non-singular fast terminal sliding mode disturbance
observer to accurately estimate the unknown partial distur-
bance in real time and feedforward compensation for IST-
NFTSMC. The anti-interference ability and robustness of the
motor closed-loop control system are effectively improved,
and the fault-tolerant control of IPMSM under parameter
perturbation and unknown disturbance is realized. Finally,
simulation and RT-Lab experimental results verify the effec-
tiveness of the proposed control algorithm.

II. MATHEMATICAL MODEL OF IPMSM
Ignoring stator core saturation, parameter perturbation, and
hysteresis loss [4], the stator voltage equation of IPMSM in
the d-q axis coordinate can be expressed as:

ud = Rsid + Ld
did
dt

− ωeLqiq

uq = Rsiq + Lq
diq
dt

+ ωe
(
Ld id + ψf

) (1)

where Ld ,Lq are the d-q axis inductances (H); id , iq are the
d-q axis stator currents (A); ud , uq are the d-q axis stator
voltages (V); Rs is stator resistance (�); ψf is permanent
magnet flux linkage (Wb); ωe is the electric angular velocity
(rad/s).

During the actual operation of IPMSM, the internal param-
eters of the motor will be perturbed due to temperature,
mechanical stress, and other factors. Considering the influ-
ence of electromagnetic parameter perturbation, the IPMSM
mathematical model can be expressed as [22]:

ud = Rsid + Ld
did
dt

− ωeLqiq +1ud

uq = Rsiq + Lq
diq
dt

+ ωe(Ld id + ψf ) +1uq
(2)

where1ud ,1uq are the d-q axis voltage disturbances caused
by parameter perturbation, respectively.

The electromagnetic torque equation of IPMSM can be
expressed as:

Te =
3
2
np
[
ψf +

(
Ld − Lq

)
id
]
iq =

3
2
npψext iq (3)

where Te is the electromagnetic torque (N · m); ψext =

ψf +
(
Ld − Lq

)
id is the effective flux; np is the pole number

(pairs).
Considering the influence of electromagnetic parameter

perturbation, the electromagnetic torque equation of IPMSM
can be expressed as:

Te =
3
2
npψext iq +1Te (4)

where 1Te is the electromagnetic torque by parameter per-
turbation.

The mechanical motion equation of IPMSM can be
expressed as:

dωe
dt

=
np
J
(Te − TL − Bωm) (5)
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where TL is the load torque ( N·m); J is the moment of inertia
(Kg · m2); B is the damping coefficient (N · m · s); ωm is the
mechanical angular speed of the motor (rad/s).

Considering the influence of electromagnetic parameter
perturbation, the mechanical motion equation of IPMSM can
be expressed as:

dωe
dt

=
np
J
(Te − TL − Bωm)+1Pn (6)

where 1Pn is the disturbance caused by the change of B and
J .

Substitute Eq. (5) into Eq. (6)

dωe
dt

=
3n2p
2J
ψext iq −

B
J
ωe −

np
J
(1Te − TL +1TL)+1Pn

= γ iq + ξωe + F (7)

where γ and ξ are parameters to be designed; ξ = B/J ; γ =

3n2pψext/2J ; F is the known part and unknown disturbance
part of the system.

III. DESIGN OF IST-NFTSMC CONTROLLER BASED ON
ENFTSMDO
Considering the influence of parameter perturbation and
unknown disturbances, to achieve high-performance control
of the IPMSM, accelerate the speed transient response, and
improve the steady-state control accuracy, In this section,
combining improved Super-Twisting with NFTSMC, an IST-
NFTSMC speed controller is designed. It can effectively
reduce chattering and achieve rapid convergence.

A. DESIGN OF IST-NFTSMC CONTROL
From Eq. (7), the control law of the speed controller can be
designed as follows [22]:

i∗q =
ω̇∗
e − ξωe − F + uc

γ
(8)

where i∗q is the given value of the q-axis current component;
ω∗
e is the given speed of the system; uc is the feedback output

control law of IST-NFTSMC.
Substitute Eq. (7) into Eq. (8)

ω̇∗
e − ω̇e + uc = 0 (9)

Define the error between the given speed value and the actual
value as follows:

e = ω∗
e − ωe (10)

The equation of state is designed as follows:{
ė1 = e2
ė2 = ė

(11)

To effectively accelerate the speed error convergence rate,
the nonsingular fast terminal sliding surface (NFTSM) is
designed as follows [19]:

s = e1 + αeg/h1 + βep/q2 (12)

where α > 0; β > 0; g, h, p and q are odd numbers to be
designed; 1 < p/q < 2; g/h > p/q.
Taking the derivative of Eq. (12)

ṡ = ė1 + α
g
h
eg/h−1
1 e2 + β

p
q
ep/q−1
2 ė2

= e2 + α
g
h
eg/h−1
1 e2 + β

p
q
ep/q−1
2 ė2 (13)

When s = 0, the following equation is obtained:

e2 = −(β−1(e1 + αeg/h1 ))q/p

= υ(e1 + αeg/h1 ))q/p (14)

where υ = −β−q/p; υ < 0.
To enable the state variables of the control system to enter

the sliding mode, the third-order Super-Twisting controlling
law is introduced as follows [27]:{

ṡ = −k1 |s|
1
2 sgn (s)+ k2s+ g

ġ = −k3sgn (s)+ Ḟ
(15)

where k1 > 0; k2 < 0; k3 > 0.
Theorem 1: For Eq. (10), Eq. (12), and Eq. (15) are

selected, the IST-NFTSMC feedback control law as shown in
Eq. (16) is designed

uc =
q
βp

e2−p/q2 ·

(
1 +

αg
h
eg/h−1
1

)
+ k1 |s|1/2 sgn(s)

−k2s+

∫
(k3sgn(s) + Ḟ)dt (16)

If Eq. (15) satisfies the condition of Eq. (17), the state error
e will converge in finite time.

k21 + 2k3 + 2Ḟsgn (s) > 0
5k22 (k

2
1 + 2k3 + 2Ḟsgn (s)) > 0

k22 (9k
2
1 + 8k3 + 28Ḟsgn (s)+ 20Ḟ2/k21 ) < 0

(17)

Proof 1: The following Lyapunov function V is selected as:

V =
1
2
e21 (18)

Take the derivative of V :

V̇ = e1ė1
= e1 · υ(e1 + αeg/h1 ))q/p

= υ(2V · ep/q−1
1 + 2V · αeg/h+g/h−2

1 )q/p

= υ(2V )q/p · e1−q/p1 · (1 + αeg/h−1
1 )q/p (19)

Since 1 < p/q < 2, g/h > p/q and p, q, g, h are all positive
and odd numbers:

1 −
q
p

=
p− q
p

=
2k
p
, (k=1, 2 · · ·) (20)

g
h

− 1 =
g− h
h

=
2a
h
, (a=1, 2 · · ·) (21)

where k and a are positive integers, 2k and 2a are positive
even numbers.

V̇ = υ(2V )q/p · e2k/p1 · (1 + αe2a/h1 )q/p ≤ 0 (22)
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According to the Lyapunov stability theorem, the origin is
in a globally stable state, and the state errors e1 and e2
can converge to 0 in finite time according to the sliding
mode equivalent condition. The next step is to prove that the
improved Super-Twisting control law converges stably on the
sliding mode surface.

Proof 2: Selecting the quadratic type positive definite Lya-
punov function:

V1 (x) = 2k3 |s| +
1
2
g2 +

1
2
s2

= 2k3 |s| +
1
2
g2 +

1
2

(
−k1 |s|

1
2 sgn (s)+ k2s+g

)2
(23)

Eq. 23 can be expressed as:

V1 = ζTQζ (24)

where

Q =
1
2

 (4k3 + k21 ) −k1k2 −k1
−k1k2 k22 k2
−k1 k2 2

 ; ζ =

 |s|
1
2 sgn (s)
s
g

 .
Since k1 > 0, k2 < 0, k3 > 0, then V1 is a positive definite

and continuous function.
Except for the set s1 =

{
(x1, x2) ∈ R2 | x = 0

}
, V1 is

differentiable everywhere. When the state error does not con-
verge to 0, the system state cannot be maintained at s1 = 0,
so the Chain Rule d |x| /dt = ẋsgn (x) is applied to calculate
V̇1.
Take the derivative of ζ :

ζ̇ =
[
|s|1/2 sgn(s) s g

]T
=

1

|s|1/2
[Wζ + Lζ + υ] (25)

where

W =
1
2

 −k1 k2 1
0 0 0

−2k3 0 0

 ;L =

 0 0 0
−k1 k2 1
0 0 0

 ; υT
=

 0
0
Ḟ

 .
The derivative of V1 is:

V̇1 = ζ̇
TQζ + ζTQζ

= −
1

|s|1/2
ζTP1ζ − ζTP2ζ + ḞρTζ (26)

where

P1 =
1
2

 2k1k3 + k31 (k21 + k3)k2 k21
(k21 + k3)ξ −k1k22 −k1k2

k21 −k1k2 −k1

 ;

ρ =

−k1
k2
2

T

;P2 = k2

 k21 −k1k2 −k1
−k1k2 k22 k2
−k1 k2 1

 .
According to the limit of Eq. (17):

Ḟρ
T
ζ =

1

|s|1/2
ζTMζ (27)

where

M =

−k1Ḟ 0 Ḟ
0 k2Ḟ 0
Ḟ 0 0

 .
Substituting Eq. (27) into Eq. (26):

V̇1 = −
1

|s|1/2
ζTP1ζ − ζTP2ζ +

1

|s|1/2
ζTMζ

= −
1

|s|1/2
ζT (P1 −M) ζ − ζTP2ζ (28)

According to Eq. (28), if P1 −M> 0 and P2> 0, V̇1 < 0 can
be obtained. The necessary and sufficient conditions for P1−

M> 0 are as follows:
k21 + 2k3 + 2Ḟsgn (s) > 0
5k22 (k

2
1 + 2k3 + 2Ḟsgn (s)) > 0

k22 (9k
2
1 + 8k3 + 28Ḟsgn (s)+ 20Ḟ2/k21 ) < 0

(29)

Similarly, the necessary and sufficient conditions of P2> 0
for:

2k21 + k3 + Ḟsgn (s) > 0 (30)

From Eq. (24):

λmin (Q) ∥ζ∥
2 < V1 < λmax (Q) ∥ζ∥

2 (31)

The standard inequality of the quadratic type shows that:

|s|1/2 ≤ ∥ζ∥ ≤ V 1/2
1 /λ

1/2
min (Q) (32)

where ∥ζ∥ =

√
|s| + |s|2 + |g|2.

From Eq. (32):

V̇1 = −
1

|s|1/2
ζT (P1 −M) ζ − ζTP2ζ

≤ −µ1V
1/2
1 − µ2V

1/2
1

≤ −µ1V
1/2
1

≤ 0 (33)

where λmin (Q) is the minimum eigenvalue of Q;λmax (Q) is
the maximum eigenvalue of Q; µ2 = λ

1/2
min (P2) /λmax (Q);

µ1 =

[
λ
1/2
min (Q) δ (P1 −M)

]
/λ

1/2
max (Q).

It can be seen from Eq. (33) that the state error e will
converge in finite time.
When the sliding mode surface converges in finite time,

that is s = ṡ = 0, the equivalent control law can be obtained
as:

ueq =
q
βp

e2−p/q2 ·

(
1 +

αg
h
eg/h−1
1

)
(34)

The control law of Eq. (12) is designed by using the improved
Super Twisting algorithm as ust follows:

ust = k1 |s|1/2 sgn(s) − k2s+

∫
(k3sgn(s) + Ḟ)dt (35)

According to Eq. (34) and Eq. (35)

uc = ueq + ust (36)
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FIGURE 1. The block diagram of IST-NFTSMC speed controller based on
ENFTSMDO.

From Eq. (8), (34), (35), and (36), the total control law i∗q of
the speed controller can be obtained:

i∗q =
ω̇∗
e − ξωe − F̂ + ueq + ust

γ

=
1
γ

[
ω̇∗
e − ξωe − F̃ +

q
βpe

2−p/q
2 ·

(
1 +

αg
h e

g/h−1
1

)
+k1|s|1/2 sgn(s) − k2s+

∫
k3 sgn(s)dt

]
(37)

Figure 1 is the block diagram of the IST-NFTSMC speed
controller based on ENFTSMDO.

B. DESIGN OF EXTENDED NFT SLIDING MODE
DISTURBANCE OBSERVER
ENFTSMDO can estimate the unknown disturbances part
of the system in real-time by measuring the input and out-
put of the actual system, and simultaneously performing
feedforward compensation to IST-NFTSMC to improve the
anti-interference capability of the system.

Defining variable as follows:

x1 = ω̂e − ωe (38)

Eq. (7) is redefined as:
dω̂e
dt

= γ iq + ξω̂e + F̂ + usmo

dF̃
dt

= G · usmo
(39)

where ω′′ is the observed speed; F ′′ is the estimated value of
F ; G > 0; usmo is the control law of sliding mode observer.
From Eq. (7) and Eq. (39) can be obtained:{

ẋ1 = ξx1 + F̃ + usmo
dF ′′

dt = G · usmo − ℓ(t)
(40)

where F ′′;ℓ(t) = dF/dt is the change rate of disturbances.
Select the state variable as x2 = ẋ1 = ˙̂ωe − ω̇e and select

NFTSM surface [19]:

s1 = x1 + c1x
g1/t1
1 + c2x

g2/t2
2 (41)

Take the derivative of Eq. (41):

ṡ1 = ẋ1 + c1
g1
t1
xg1/t1−1
1 ẋ1 + c2

g2
t2
xg2/t2−1
2 ẋ2

= ẋ1 + c1
g1
t1
xg1/t1−1
1 ẋ1 + c2

g2
t2
xg2/t2−1
2 ẍ1 (42)

Design the fast double power reaching law as [28]:

ṡ1 = −τ1 |s1|a sgn (s1)− τ2s1 (43)

whereτ1 and τ2 are normal numbers to be designed; a = 1−r ;
0 < r < 1.

usmo = ueq + ufn

=

−ξx1

−
∫ t
0

(
t2
c2g2

ẋ2−g2/t22 (1 + c1
g1
t1
xg1/t1−1
1 )

+τ1 |s1|a sgn(s1) + τ2s1

)
dτ


(44)

where

ueq = −ξx1; ufn

= −

∫ t

0

(
t2
c2g2

ẋ2−g2/t22 (1 + c1
g1
t1
xg1/t1−1
1 )

+τ1 |s1|a sgn(s1) + τ2s1

)
dτ.

Theorem 2: For the state variable Eq. (38), if choose Eq.
(41) as the sliding surface, and reaching law as Eq. (43).
When the gain satisfies Eq. (45), the system error x1 con-
verges to 0 in a finite time. τ2 |s1| ≥

∣∣∣ ˙̃F∣∣∣
τ1 |s1|a ≥

∣∣∣ ˙̃F∣∣∣ (45)

Proof 3: Select the following Lyapunov function V1

V1 =
1
2
s21 (46)

Take the derivative of V1:

V̇1 = s1ṡ1 = s1

(
ẋ1 + c1

g1
t1
xg1/t1−1
1 ẋ1 + c2

g2
t2
xg2/t2−1
2 ẍ1

)
= s1 ·

c2g2
t2

ẋg2/t2−1
1(

ẍ1 +
t2
c2g2

· x2−g2/t21 ·

(
1 +

c1g1
t1

xg1/t1−1
1

))
(47)

Substituting ENFTSMDO control rate Eq. (44) into Eq. (40)
yields:

ẋ1 = F̃ + ufn (48)

Take the derivative of Eq. (48):

ẍ1 =
˙̃F + u̇fn (49)

From Eq. (44), Eq. (47) and Eq. (49), it can be obtained:

V̇1 = s1 ·
c2g2
t2

ẋg2/t2−1
1

(
˙̃F − τ1 |s1|a sgn (s1)− τ2s1

)
= −

c2g2
t2

ẋg2/t2−1
1

(
−s1 ·

˙̃F + τ1 |s1|a sgn (s1) · s1 + τ2s1 · s1
)

= −
c2g2
t2

ẋg2/t2−1
1

(
−s1 ·

˙̃F + τ1 |s1|a+1
+ τ2s21

)
(50)
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Because of g2/t2 > 0, ẋg2/t2−1
1 > 0, Eq. (50) can be converted

into two forms:

V̇1 = −
c2g2
t2

ẋg2/t2−1
1

(
−s1 ·

˙̃F + τ1 |s1|a+1
+ τ2s21

)
≤ −

c2g2
t2

ẋg2/t2−1
1

(
τ1 |s1|a+1

+ |s1|
(
τ2 |s1| − |

˙̃F |

))
(51)

V̇1 = −
c2g2
t2

ẋg2/t2−1
1

(
−s1 ·

˙̃F + τ1 |s1|a+1
+ τ2s21

)
≤ −

c2g2
t2

ẋg2/t2−1
1

(
τ2s21 + |s|

(
τ1 |s1|a − |

˙̃F |

))
(52)

If
∣∣∣ ˙̃F∣∣∣ ≤ N and N ≥ 0, when τ2 |s1| ≥

∣∣∣ ˙̃F∣∣∣, we can get:

V̇1 ≤ −
c2g2
t2

ẋg2/t2−1
1

(
τ1 |s1|a+1

)
= −

c2g2
t2

ẋg2/t2−1
1

(
τ1 · (2V1)

a+1
2

)
≤ 0 (53)

When τ1 |s1|a ≥

∣∣∣ ˙̃F∣∣∣:
V̇1 ≤ −

c2g2
t2

ẋg2/t2−1
1

(
τ2 |s1|2

)
= −

c2g2
t2

ẋg2/t2−1
1 (τ2 · 2 V1) ≤ 0 (54)

According to the Lyapunov stability theorem and comparison
lemma [27], it is known that the systemwill satisfy the sliding
mode reachability condition and will converge and remain on
the NFTSM surface in a finite time, so that the system error
x1 will converge to 0 in a finite time.

From Eq. (51) and Eq. (52): |s1| ≤
N
τ2

|s1| ≤

(
N
τ1

) 1
a (55)

From Eq. (55), the convergence region of the sliding surface
s1 is obtained:

|s1| ≤ min

(
N
τ2
,

(
N
τ1

) 1
a
)

(56)

From Eq. (43):

|ṡ1| ≤ τ1 |s1|a + τ2 |s1|

≤ min
(
τ1 ·

(
N
τ2

)a
,N
)

+ min

(
N , τ2 ·

(
N
τ1

) 1
a
)
(57)

Suppose tr is the convergence time of the sliding surface
s1 from the initial value to the sliding surface s1 = 0. After tr
the system enters the terminal sliding surface and converges
to 0 after ts with a total convergence time of [29]:

t = tr + ts

= tr +

∫
|x0|

0

c1/a22

(x + c1xa1 )1/a2
dx

=

[
tr +

a2|x0|1−1/a2

c1(a2−1) · F( 1
a2
,

a2−1
(a1−1)a2

; 1 +
a2−1

(a1−1)a2
; −c1 |x0|a1−1)

]
(58)

FIGURE 2. The block diagram of ENFTSMDO.

FIGURE 3. The block diagram of NFTSMC speed controller based on
ESMDO.

TABLE 1. Nominal parameters of PMSM.

where F(·) denotes the Gaussian hypergeometric function;
a1 = g1/t1;a2 = g2/t2.
To reduce the system chattering caused by the sign func-

tion, the saturation function H (s) is used instead of the sign
function, and the function H (s) is:

H (s) =
s

|s| + σ
(59)

where σ > 0; Figure2 is the block diagram of ENFTSMDO.

IV. SIMULATIONS RESULTS
In order to verify the feasibility of the algorithm, MAT-
LAB/Simulink simulation is used to build the IST-NFTSMC
algorithm based on ENFTSMDO, which is compared with PI
and NFTSMC. IPMSM uses the maximum torque to current
ratio (MTPA) control strategy.

Figure 3 is the block diagram of the NFTSMC speed
controller based on ESMDO.
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TABLE 2. The parameters of the control system.

FIGURE 4. The block diagram of the motor speed control system.

The nominal parameters of the motor are shown in Table 1.
Table 2 is the control parameters of the three control methods.
Figure 4 is the block diagram of the motor speed control
system.
Remark 1: The values of γ and ξ in the algorithm of this

paper are rectified by γ = 3n2pψext/2J and ξ = −B/J . PI
parameter adjustment: First, the current loop transfer func-
tion is corrected to a typical type I system, and the P and I
of the PI controller are determined according to the dynamic
performance index; Then, the current loop is then equated to
the speed loop, and the speed loop PI parameters are cali-
brated to a typical type II system. The gain of the speed loop
PI controller is obtained by further fine-tuning according to
the operating conditions [22]. In the NFTSMC algorithm, the
exponential reaching law is selected as ṡ = −η1sgn (s)−η2s,
and the disturbance observer is ESMDO [22].
Remark 2: The selection of slipform surface parameters in

IST-NFTSMC directly affects the stability of the motor control
system. After selecting α and β approximate parameters to
confirm system stability, fine tuning is performed.αbecomes
larger, causing the system to overshoot during transients, and
the current and torque are also affected. α becomes smaller,
causing a slower speed response and a longer time to reach
the given value. Contrary to α, a larger β will result in a
slower speed response, while a smaller β will result in system
oscillation
and motor control performance cannot be guaranteed. The

selection of the superhelix control law parameter affects the
arrival time of the slipform surface. The selection of the IST-
control law parameter affects the arrival time of the slipform
surface. Compared with the traditional exponential conver-
gence law, k2 and k3 will speed up the speed dynamic response

TABLE 3. Parameter perturbation experimental conditions.

FIGURE 5. Simulation comparison of speed.

and reach the given speed earlier, but too much will make the
speed in the transient steady-state process of serious jitter,
current and torque waveform distortion; and a small gain
will cause the speed response time to become longer, and the
dynamic response speed is affected. Adjusting k1 at this point
can improve this problem by speeding up convergence while
reducing jitter.

Setting the motor inductance, resistance, moment of iner-
tia, viscous friction coefficient and magnet flux parameters to
perturb. The anti-interference performance of IST NFTSMC
is tested by simulation comparison of PI/NFTSMC/IST
NFTSMC with parameter perturbations. The initial speed is
1000r/min and subsequently increases to 2000r/min at 2.0 s.
Table 3 represents parameter perturbation experimental con-
ditions.

The following diagrams demonstrate the simulation com-
parison results of PI, NFTSMC, and IST-NFTSMC. Figure 5
demonstrates the speed response curve; Figure 6 demon-
strates the output torque curve; Figure 7(a) shows the current
response curve of the d-axis; Figure 7(b) shows the current
response curve of the q axis; Figure 8 shows the comparison
of the error curve for speed tracking, Figure 9 shows the
observation curve of the total disturbances F controlled by
ESMDO and ENFTSMDO.

From Figure 5, when the given speed changes from 0r/min
to 1000r/min, the speed controlled by IST-NFTSMC reaches
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FIGURE 6. Simulation comparison of torque.

FIGURE 7. Simulation comparison of d − q current. (a) is the d -current.
(b) is the q-current.

the reference speed in 0.12s, and the speed controlled by PI
and NFTSMC reaches the steady state in 0.35s and 0.20s
respectively. When the given speed changes from 1000r/min
to 2000r/min in 2s, the speed controlled by IST-NFTSMC
reaches the reference speed in 2.1s, and the speed controlled
by PI and NFTSMC reaches the steady state in 2.4s and
2.25s respectively. In summary, in variable speed conditions,
IST-NFTSMC has the advantage of no overshoot compared
to conventional PI and NFTSMC algorithms, Because of
the third-order Super-Twisting control law, which allows the
motor speed to reach a given speed quickly. Improving the
observation accuracy of perturbation observers for system
perturbations by employing the NFTSM surface with the
fast double power reaching law, When the parameters of
resistance, inductance, magnet flux, the moment of inertia

FIGURE 8. Speed tracking error ne.

FIGURE 9. The observed value of unknown part F .

and viscous friction coefficient are perturbed, the speed con-
trolled by PI and NFTSMC can recover to the given speed in
a certain time, and have obvious fluctuations and overshoots.
while the speed controlled by IST-NFTSMC can accurately
track the given speed in a very short time. When the 4.5s
system is added with time-varying load torque change, the
speed fluctuation range of IST-NFTSMC is small, and the
control accuracy is obviously better than PI and NFTSMC.
The experimental results show that IST-NFTSMC has strong
immunity to scrambling.

Figure 6 and Figure 7 demonstrate that the torque and d-q
axis current waveforms of IST-NFTSMC are more stable and
have better control performance in both transient and steady
states. When the 3.5s B and J are regenerated, the current
waveforms of PI and conventional NFTSMC algorithms are
distorted and the pulsation increases. when a 4.5s system is
added with time-varying load torque variation, the torque rip-
ple and d-q axis current ripple of IST-NFTSMCareminimum.
Figure 8 shows the comparison of the error curve for speed

tracking, the ENFTSMDO has better tracking performance.
when motor parameters are perturbed, ESMDO has a certain
overshoot in the transient process, and the overall tracking
error is larger than ENFTSMDO. When the 4.5s system is
added with time-varying disturbance, ESMDO has larger
buffeting than ENFTSMDO.

Figure 9 shows the observation curve of the total dis-
turbances F controlled by ESMDO and ENFTSMDO. The
unknown part of the F waveform observed by ENFTSMDO is
smoother, and chattering is effectively reduced. ENFTSMDO
effectively enhances the robustness of the system under

17492 VOLUME 11, 2023



X. Li et al.: Improved Super-Twisting Non-Singular Fast Terminal SMC of IPMSM

FIGURE 10. THD analysis of PI’s A phase stator current.

FIGURE 11. THD analysis of NFTSMC ’s A phase stator current.

parameter ingestion by accurately estimating the system F
and feeding it back to the IST-NFTSM controller.

Figure 10-12 show the THD analysis diagrams of
PI/NFTSMC/IST-NFTSMC’s A phase current respectively.

FIGURE 12. THD analysis of IST-NFTSMC ’s A phase stator current.

TABLE 4. Steady state results of speed.

From the THD of phase A current in Figure 10-12, the
THDof PI, NFTSMC, and IST-NFTSMCare 13.62%, 8.34%,
and 3.95% respectively. It can be seen that compared with PI
and NFTSMC, the proposed IST-NFTSMC can effectively
suppress current harmonics under parameter perturbation.
Table 4 is the Steady-state results of speed.

For visual comparison, the speed error comparison datas in
Table. 4 is imaged to get Figure 13.

It can be seen that, compared with PI and traditional
NFTSMC algorithms, the proposed algorithm accelerates the
response speed and improves the control accuracy. The speed
controlled by the algorithm proposed in this paper and the
NFTSMC algorithm can both recover to the reference value in
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FIGURE 13. Steady state error of speed.

FIGURE 14. RT-LAB experimental platform.

a very short time when the parameters are regenerated. At the
same time, the proposed algorithm can reduce the current and
torque pulsation amplitude when the IPMSM parameters are
ingested, which improves the fast response capability of the
system and enhances the overall performance of the IPMSM
drive system.

V. RT-LAB EXPERIMENTS RESULTS
Because the electromagnetic parameter perturbation of the
motor is difficult to simulate in the actual motor, to further
verify the effectiveness of thismethod, this paper uses RT-Lab
to realize the hardware in the loop simulation (HILS) exper-
iment of the IPMSM drive system. Figure 14 is the RT-LAB
experimental platform and the motor system is simulated by
RT Lab. Figure 15-17 demonstrate the full working condi-
tion experiment diagram of PI/NFTSMC/IST-NFTSMC, the
experimental parameters are consistent with the simulation
parameters.

Figure 15-17 demonstrate the comparison of semi-physical
experiment results is consistent with the simulation results.
when the motor parameters are perturbed, the overall perfor-
mance of PI and NFTSMC is affected, and the speed chatter-
ing, current, and torque ripple are large. In addition, the cur-
rent and torque waveforms of PI and NFTSMC are distorted
under time-varying disturbances. The Rt-Lab experimental
result demonstrates that the IST-NFTSMC control waveform
based on ENFTSMDO changes smoothly and can effectively
suppress current and torque ripple. Combined with the sim-
ulation and semi-physical experiment results, ENFTSMDO
observed the disturbance and feedback the controller in the

FIGURE 15. The experimental results of PI.

FIGURE 16. The experimental results of NFTSMC.

FIGURE 17. The experimental results of IST-NFTSMC.

case of parameter perturbation, effectively speeding up the
speed response rate and restraining the current and torque
ripple, improving the system’s disturbance resistance, and
making the motor system have better transient and stable
performance.

In conclusion, the IST-NFTSMC control method can effec-
tively suppress the current and torque ripple compared with
the traditional PI and NFTSMC in the case of parameter
perturbation and unknown disturbance. Table 5 demonstrates
the comprehensive control performance comparison of PI,
NFTSMC, and IST-NFTSMC control methods.
Remark 3:
1. Speed convergence time: the time to reach the reference

speed (s).
2. Speed static difference: amplitude of speed change at

steady state (r/min).
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TABLE 5. Comparison of PI /NFTSMC /IST-NFTSMC.

FIGURE 18. Flow chart of IST-NFTSMC.

3. Average speed error rate: the average speed relative
error rate with parameter perturbation (%).

The best control performance of the IST-NFTSMC, as can
be seen from the data in Table 5. Because the fundamental
and harmonic interactions of the air-gap potential in themotor
system generate harmonic torque pulsations, ENFTSMDO
can accurately observe the disturbance F and provide neg-
ative feedback to IST-NFTSMC to effectively reduce torque
pulsations and harmonic THD. In addition, the q-axis current
pulsation at the output of the speed loop controller is one
of the main causes of torque pulsation. Compared with the
conventional NFTSMC, the choice of the third-order Super-
Twisting control law can effectively reduce the q-axis current
pulsation, which serves to reduce torque pulsation and har-
monic THD. The specific process is shown in Figure 18:

VI. CONCLUSION
To address the problem that the overall control performance
of IPMSM degrades under parameter perturbation and time-
varying disturbance, this paper proposes an IST-NFTSMC
algorithm for IPMSM based on ENFTSMDO perturbation
observer. By comparing the simulation and experiment of
PI and NFTSMC under different operating conditions, and
analyzing the simulation and experiment results, getting con-
clusions:

(1) The IST-NFTSMC speed controller based on
ENFTSMDO is designed to recover the motor speed, current,
and torque to the given values in a very short time under
the motor parameter perturbation and unknown disturbance,
so that the response speed and robustness of the system can
be improved; ENFTSMDO is designed to feed the unknown

part of the external disturbance back to the controller for
compensation.

(2) Through comprehensive comparison with PI and
NFTSMC control algorithms, it is verified that the algorithm
still has high precision control performance under different
operating conditions such as motor parameters and load time-
varying perturbations, which guarantees system reliability
and safety while weakening system jitter and enhancing sys-
tem robustness.

(3) This paper discusses the robust control of IPMSM
speed loop, focusing on the study of a new Super-Twisting
sliding mode controller for speed loop, which solves the
problem of low performance of traditional PI control under
parameter ingestion and external disturbance faults. While
the current loop PI controller is unable to achieve satisfactory
dynamic performance. Therefore, the current-speed double
closed loop will be subsequently optimized to improve the
robust fault-tolerant control capability of IPMSM against
parameter faults including demagnetization and external dis-
turbance faults.
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