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ABSTRACT Aiming at the speed regulation problem of permanent magnet synchronous motor (PMSM)

drives, a novel backstepping nonsingular terminal sliding mode control (BNTSMC) method with finite-

time disturbance observer (FTDO) is proposed. In order to ensure excellent tracking and anti-disturbance

performance, the backstepping nonsingular terminal sliding mode speed controller based on equivalent

motor model and the recursive principle is designed for PMSM. The benefits of this approach are that

the controller has asymptotic stability based on backstepping design, finite-time convergence, and strong

robustness for the matched disturbance based on sliding mode control. Then, to further improve the anti-

disturbance performance, a finite-time disturbance observer is designed, and it is used to estimate the

mismatched external disturbance in motor drive system. The stability of the system is also proved with

Lyapunov criterion. Finally, the experimental results show that the proposed method has the advantages of

fast convergence and strong robustness against parameter variations and external disturbance.

INDEX TERMS PMSM drive, backstepping nonsingular terminal sliding mode control (BNTSMC), finite-

time disturbance observer (FTDO).

I. INTRODUCTION

A
T present, induction motor (IM) and permanent magnet

synchronous motor (PMSM) are widely used in the

industrial applications, and they occupy the vast majority

of the market share. Meanwhile, switched reluctance motor

(SRM) is also in the rapid development, but due to the

problems of high noise and low-speed torque ripple, it still

has few applications. Compared with IM, PMSM has the

advantages of simple structure, high efficiency, high power

density, and low noise [1]. To realize the high performance

control of PMSM, the field oriented control is popular used

in the motor drives [2], and the double closed loop speed con-

troller is constructed by using PI control method. However,

due to the strong external disturbance and model uncertainty

in complex working conditions, the PI controller cannot

meet the practical requirements for some high performance

applications. With the development of control theory and

microcomputer technology, the nonlinear control strategies

have been applied to PMSM drives, such as sliding model

control [3-4], model predictive control [5], backstepping

control [6], active disturbance rejection control [7], repetitive

learning control [8], and intelligent control [9].

Among these methods, backstepping control, as a nonlin-

ear recursive design method, is proposed in 1990s [10]. This

method is based on Lyapunov stability theory, the control

law is derived by constructing the Lyapunov function, and

the global asymptotic stability is ensured [11]. For the motor

drive system, the complex nonlinear electromechanical con-

trol system can be decomposed into several subsystems by

using the backstepping control method. The servo or speed

controller of the motor can be realized by recursive design

and introducing virtual control variables [12]. In [13], a full

adaptive backstepping speed control method is proposed by

estimating the all motor parameters and external disturbance,

and the fast tracking and robustness performance is ensured,

but the method is complex. In [14], an offset-free robust

backstepping method is proposed for PMSM, and the novel

adaptive law by using multivariable approach is designed
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to improve the robustness. By using maximum torque per

ampere and flux-weakening control, the control laws for the

entire speed range of PMSM are developed based on an

adaptive backstepping technique in [15]. In [16], a backstep-

ping control method based on a new load torque update law

is proposed for the servo control of PMSM, and the servo

tracking performance is improved effectively. In [17], a dis-

continuous projection-based robust backstepping controller

is proposed for the high-accuracy speed control of PMSM for

wind turbines, and an extended state observer is designed to

handle the disturbance. In [18], a composite controller based

on backstepping control and linear extended state observer

is designed, and the robustness for time-varying parameter

disturbance is considered in the paper.

However, backstepping control is a strict model-based con-

trol method, thus the single backstepping controller cannot

ensure the robustness of PMSM drives under complex work-

ing condition. To improve the anti-disturbance performance,

the adaptive backstepping controller by using adaptive laws

are designed in [13-17], but the convergence speed with the

unknown parameters and the external disturbance to the true

values is always a concern, which may lead to slow conver-

gence [19]. By combining neural network and backstepping

control, the servo tracking controller for PMSM is designed

to satisfy the robustness of the system [20].

As is known, sliding mode control (SMC) has been proved

to be a potentially useful approach in industrial applications,

such as actuator [21], robot [22-23] and PMSM [3-4]. Many

advanced sliding mode control methods are widely used in

motor drive, such as fractional order sliding mode control

[24], terminal sliding mode control [25] and integral sliding

mode control [26]. The integral sliding mode control has

the advantage of fast convergence, however, the relationship

between response speed and chattering needs to be weighed

in parameter selection, and the disturbance observer can

effectively solve this problem [27]. The nonsingular terminal

sliding mode has the advantages of finite time convergence,

good tracking performance and strong robustness, which has

attracted great attention. By combining the advantages of

backstepping control and sliding mode control, it can be an

effective method to improve the system performance [28-29].

The composite approach preserves the merits of the sliding

mode control in terms of high robustness and fast transient

response, as well as backstepping control strategy in terms

of globally asymptotic stability based on Lyapunov criterion,

and it has been used in some applications, such as, robot

manipulators [11], new energy power generation system [30],

automotive vehicle [31]. In [6], a non-cascade backstepping

sliding mode control strategy is proposed for PMSM drives,

and the sliding mode control is used to improve the anti-

disturbance for the parameter disturbance. Although sliding

mode control is less sensitive to disturbance, it is noticed that

the common SMC only has the robustness to the matched

disturbance, which means the uncertainties exist in the same

channel as that of the control input [32]. For the motor drive

system, the mismatched disturbance (such as the external

load torque) exists when the single-loop controller is de-

signed for the speed control [33]. On the other hand, through

the improved sliding mode method, the mismatched distur-

bance can be suppressed, but a large sliding mode switching

gain is needed for the strong mismatched disturbance, the

chatting will be increased, and the control performance will

be influenced. In order to reduce the chattering, some im-

proved sliding mode control methods are used in the control

system, such as boundary layer control [34-36] and full-

order sliding mode control [37]. Recently, the disturbance

estimation and attenuation methods [38], such as, disturbance

observer [32, 39], extended state observer [40], sliding mode

observer [41] and finite-time disturbance observer [42], have

been proposed to deal with the disturbance, which includes

the matched and mismatched disturbance. In [17-18, 43-45],

the composite control strategies with backstepping control

and disturbance attenuation technologies are designed for

PMSM, and the estimated disturbance is used for the feed-

forward compensation control, the anti-disturbance ability

can be improved. Meanwhile, the dynamic performance is

almost unaffected.

In this paper, to improve the speed regulation performance

of PMSM, a novel backstepping sliding mode control strat-

egy based on finite-time disturbance observer (FTDO) is

proposed. The main contributions of this paper are

(1) By combining the advantages of backstepping control

with asymptotic stability and nonsingular terminal sliding

mode control (BNTSMC) with finite-time convergence, and

strong robustness for the matched disturbance, a novel single-

loop non-cascade controller is designed for PMSM, which

effectively simplifies the controller structure.

(2) Although the designed controller has the robustness

for the electromagnetic parameter disturbance, it cannot sup-

press the mismatched external disturbance effectively. Thus,

a finite-time disturbance observer is designed to the single-

loop non-cascade control of PMSM, and it is used to estimate

the external load disturbance.

(3) The proposed method is compared with conventional

PI control, backstepping control with disturbance observer.

The comparative experimental results show that the proposed

method has the good transient performance and the strong

robustness for the load and parameter disturbance.

This paper is organized as follows. In Section II, the math-

ematical model of PMSM is established. The speed controller

basedon BNTSMC and finite-time disturbance observer is

discussed in Section III. Experimental results and analysis are

demonstrated in Section IV, which is followed by conclusion

in Section V.

II. MATHEMATICAL MODEL OF PMSM

According to the field oriented control principle, in the case

of neglecting the iron loss, the current dynamic model of

PMSM in d-q synchronous reference frame can be written
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as [46-47]
{

did
dt = −Rsid

Ld
+ npω

Lq

Ld
iq +

1
Ld

ud
diq
dt =

−Rsiq
Lq

−
npωLdid

Lq
−

npωΦ
Lq

+ 1
Lq

uq
(1)

And the motion equation can be described as

dω

dt
=

Te

J
−

TL

J
−

B

J
ω (2)

The electromagnetic torque in d-q synchronous reference

frame is

Te = npΦiq (3)

where Ld and Lq represent d-axes and q-axes stator induc-

tances, respectively, id and iq are the stator current, ud and uq

are the stator input voltage in dq-axes reference frame, Rs is

the per-phase stator resistance, np is the number of pole pairs,

ω is the mechanical angular speed of the rotor, Φ is the rotor

flux, J is the moment of inertia, Te is the electromagnetic

torque, TL is the load torque, B is the viscous friction

coefficient.

A surface mounted PMSM (SPMSM) is discussed in this

paper, and the d-axes inductance can be considered equal

to q-axes inductance, Ld = Lq . Thus, the electromagnetic

torque can be rewritten as Te = npΦiq , from (2), the motion

equation is

dω

dt
=

npΦiq
J

−
TL

J
−

B

J
ω (4)

In the conventional speed drive control of PMSM, the

cascade control structure with the inner current loop and the

outer speed loop is usually adopted as shown in Fig.1, and

the PI control method is used for the speed loop and current

loop. For the SPMSM, the d-axes reference current i∗d is set

to zero to ensure a constant flux operating condition. ω∗ is

the reference speed. In order to improve the speed control

performance, a backstepping nonsingular terminal sliding

mode control strategy with finite-time disturbance observer is

proposed in this paper, and it is used to replace the PI control.

The control structure with the proposed method is shown in

Fig.2.
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FIGURE 1: The control system of PMSM speed drive system

with PI controller.
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FIGURE 2: The control structure of PMSM speed drive

system with the proposed method.

III. DESIGN OF SPEED CONTROLLER WITH BNTSMC

AND FTDO

In this paper, a novel speed control method is proposed to

improve the speed control performance of PMSM drives.

The design process includes q-axes controller and d-axes cur-

rent controller, and they will be designed with backstepping

nonsingular terminal sliding mode control. In addition, to

suppress the mismatched disturbance, the finite-time distur-

bance observer is designed. The previous NTSMC control is

mostly used in cascade control, while the NTSMC control

proposed in this paper adopts non-cascade control method,

which effectively simplifies the system structure. Finally, the

experimental results show that the proposed method has good

control performance.

A. DESIGN OF Q-AXES CONTROLLER

Firstly, define the variables x1 = ω and x2 =
npΦ
J iq .

From (1) and (4), the second-order system can be derived as

follows, which is convenient for the design of controller.
{

ẋ1 = x2 + d1
ẋ2 = f(x) + bu

(5)

where f(x) =
npΦ
J (−

Rsiq
Lq

−
npωLdid

Lq
−

npωΦ
Lq

) , b =
npΦ
JLq

is the input coefficient. u = uq is the nonsingular terminal

sliding mode control input. d1 = −TL

J − B
J ω is the lump

disturbance, and it can also be defined as the mismatched

disturbance.

Define the motor reference speed as x∗

1 = ω∗, then the

speed tracking error between the actual speed and reference

speed is e1 = x1 − x∗

1. Backstepping control is completed

based on Lyapunov stability theory, and the control law is

derived by constructing the Lyapunov function. Taking a Lya-

punov candidate function as V1 = 1
2e

2
1, then differentiating

V1 with respect to time as

V̇1 = e1ė1 = e1(ẋ1 − ẋ∗

1) = e1(x2 + d1 − ẋ∗

1)
= e1(x2 + d1 − ẋ∗

1 − c1e1 + c1e1)
(6)

From (6), a virtual control input is chosen as x∗

2 =
ẋ∗

1 − d1 − c1e1, and V̇1 = −c1e
2
1 ≤ 0 can be obtained.

Consequently, e1 will be asymptotically convergence. Then,
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according to the recursive principle, the second error variable

is defined as e2 = x2 − x∗

2, e2(0) = x2(0) − x∗

2(0),
differentiating e2 with respect to time is

ė2 = ẋ2 − ẋ∗

2 = f(x) + bu− ẋ∗

2

= f(x) + bu− ẍ∗

1 + ḋ1 + c1ė1
= f(x) + bu− ẍ∗

1 + ḋ1 + c1(x2 + d1 − ẋ∗

1)

(7)

By using nonsingular terminal sliding mode control

method, and the process can be divided into two parts, one

is the design of the sliding mode surface and the other is

approach law. Firstly, the nonsingular terminal sliding mode

surface is chosen as

s1 = e2 + β1

∫

e2
p1/q1 (8)

where β1 > 0 , p1 and q1 are positive odd integers, and 1 <
p1/q1 < 2.

According to reference [26], on the sliding mode surface

s1 = 0 , the derivation of equation (8) can be expressed as

ė2=− β1e2
p1/q1 (9)

By solving the error dynamic equation (9), the conver-

gence time of Tf1 is obtained as follows:

Tf1 =
|e2(0)|

1−p1/q1

β1(1− p1/q1)
(10)

It is proved that the sliding mode surface converges in

finite time Tf1 .

Take the first derivative of s1 as

ṡ1 = ė2 + β1e2
p1/q1 (11)

Select the exponential approach law of sliding mode con-

trol as

ṡ1 = −k1sgn(s1)− k2s1 (12)

where k1, k2, are sliding mode control gains.

From (7), (11) and (12), the q-axes current controller can

be derived as

uq = u = − 1
b

[

f(x)− ẍ∗

1 + ḋ1 + c1(x2 + d1 − ẋ∗

1)
]

− 1
b

[

β1e2
p1/q1 + k1sgn(s1) + k2s1

]

(13)

Considering the follow Lyapunov function V2 = V1+
1
2s1

2

, then V̇2 ≤ −c1e
2
1 − k2s

2
1 − k1 |s1| ≤ 0. Therefore, the

control system with the proposed backstepping nonsingular

terminal sliding mode controller is asymptotically stable.

From the control law (13), the disturbance information exists

in the designed controller. Although sliding mode control has

good robustness for the matched disturbance, the mismatched

disturbance existed in motor model (5) cannot be suppressed

through the sliding mode control [32]. An alternative solution

to the disturbance is to make the control law adaptive to the

disturbance, which is estimated online by an observer [38].

And it will be introduced in C.

B. DESIGN OF D-AXES CURRENT CONTROLLER

Define the d-axes current tracking error as e3 = id − i∗d ,

e3(0) = id(0) − i∗d(0). i
∗

d is the d-axes reference current. To

ensure a constant flux, i∗d = 0 is chosen. Similarly, take the

first derivative of e3 as

ė3 = i̇d − i̇∗d =
−Rsid
Ld

+ npω
Lq

Ld
iq +

1

Ld
ud (14)

The design of d-axes is mainly realized by nonsingular

terminal sliding mode control, and its sliding surface is

designed as follows

s2 = e3 + β2

∫

e3
p2/q2 (15)

The sliding mode approximation approach law is chosen

as

ṡ2 = −k3sgn(s2)− k4s2 (16)

In order to ensure the nonsingular and fast convergence

of the sliding mode control, the parameters are selected as

follows. Where β2 > 0 , p2 and q2 are positive odd integers,

1 < p2/q2 < 2 , k3 > 0 , k4 > 0 .

Then, the derivation of equation (15) can be expressed as

ṡ2 = ė3 + β2e3
p2/q2 (17)

According to (14), (16) and (17), d-axes current control

input is derived as

ud = Ld

[

Rsid
Ld

− npω
Lq

Ld
iq − β2e3

p2/q2 − k3sgn(s2)− k4s2

]

(18)

Choose a Lyapunov function as V3 = 1
2s2

2, and V̇3 =
s2ṡ2 = −k4s2

2 − k3 |s2| ≤ 0 can be guaranteed. Thus, the

d-axes current will converge to zero. During the operation of

the motor, the influence of external factors such as tempera-

ture leads to the change of electromagnetic parameters, and

these variations can be regarded as the matched disturbance.

By using the good robustness for matched disturbance of slid-

ing mode control, the excellent current control performance

can be obtained.

C. DESIGN OF FINITE-TIME DISTURBANCE OBSERVER

For the actual motor drive system, the load torque disturbance

is inevitable. As seen in (13), the mismatched disturbance d1
exists in the q-axes current controller. If the disturbance is

ignored, the control performance will be influenced. Sliding

mode control has strong robustness to the matched distur-

bance in motor operation, but it is not effective to suppress

the mismatched disturbance caused by the change of load

torque in the single-loop controller. Therefore, to improve the

anti-disturbance performance of the controller, a finite-time

disturbance observer [48-49] is designed for PMSM control

system, and it is used to estimate the mismatched disturbance

d1. The disturbance observer is designed as follows.

Lemmas1: [50] Consider the following system:
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δ̇0 = −λ0|δ0|
n/(n+1)

sign(δ0)− ϑ0δ0 + δ1

δ̇1 = −λ1

∣

∣

∣
δ1 − δ̇0

∣

∣

∣

(n−1)/n

sign(δ1 − δ̇0)− ϑ1(δ1 − δ̇0) + δ2
...

δ̇n−1 = −λn−1

∣

∣

∣
δn−1 − δ̇n−2

∣

∣

∣

1/2

sign(δn−1 − δ̇n−2)

−ϑn−1(δn−1 − δ̇n−2) + δn
δ̇n = −λnsign(δn − δ̇n−1)− ϑn(δn − δ̇n−1)−

1
L0

f(t)
(19)

where δ0, · · ·, δn are the scalar state variables, λ0, · · ·, λn and

ϑ0, · · ·, ϑn are appropriate positive constants, L0 is a proper

positive constant, and the perturbation term f(t) satisfies

|f(t)| ≤ L0. Then, the system converges to the origin in finite

time, i.e., it is finite-time stable.























ż0 = v0 + x2

v0 = −λ0L1
1/3|z0 − x1|

2/3
sgn(z0 − x1) + z1

ż1 = v1
v1 = −λ1L1

1/2|z1 − v0|
1/2

sgn(z1 − v0) + z2
ż2 = −λ2L1sgn(z2 − v1)

(20)

where z0 is the estimation of x1. z1 is the estimate of d1. z2
is the estimate of ḋ1. λ0, λ1 and λ2 are the positive observer

coefficients to designed. L1 is proper positive Lipschitz con-

stant.

Then, let ex1
= z0 − x1, ed1

= z1 − d1, eḋ1
= z2 − ḋ1.

Differentiate the time of ex1
, ed1

, and eḋ1
respectively, and

we can obtain

ėx1
= ż0 − ẋ1

= −λ0L1
1/3|ex1

|
2/3

sgn(ex1
) + ed1

(21)

ėd1
= ż1 − ḋ1

= −λ1L1
1/2|ed1

− ėx1
|
1/2

sgn(ed1
− ėx1

) + eḋ1

(22)

ėḋ1
∈ −λ2L1sgn(eḋ1

− ėd1
) + [−L1, L1] (23)

Assume the load torque disturbance changes slowly, d1 is

bounded, according to Lemmas1, the estimation value will

converge to the actual value in finite time [51].

Through the finite-time disturbance observer, the distur-

bance d1 is estimated effectively, and it is used in the con-

troller (13) for the compensation of the disturbance. The

finite-time disturbance observer solves the problem that the

sliding mode control cannot deal with the mismatched dis-

turbance, and the robustness of the drive system is improved.

To sum up, by combining the designed backstepping termi-

nal sliding mode control laws (13), (18) and the finite-time

disturbance observer (20), the reference voltage signals can

be derived.

D. PROOF OF THE SYSTEM STABILITY

Through the design of d-axes current controller, it can be seen

that the d-axes control system is stable. For the design of q-

axes controller, considering the motor model (5) with the dis-

turbance, when the FTDO selects the appropriate parameters,

a composite control combining FTDO and BNTSMC can be

obtained. The control rate uq can be expressed as

uq = u = − 1
b

[

f(x)− ẍ∗

1 +
ˆ̇
d1 + c1(x2 + d̂1 − ẋ∗

1)
]

− 1
b

[

β1e2
p1/q1 + k1sgn(s1) + k2s1

]

(24)

Define the Lyapunov function V = V2 + V3. According to

the previous definition of V2 = V1+
1
2s

2
1, taking the derivative

of V and combining (7), (11), (12), (14), (17), (18) and the

control rate (24), V̇ can be expressed as

V̇ = V̇2 + V̇3

= V̇1 + ṡ1s1 + V̇3

= −c1e
2
1+s1(ė2 + β1e

p1/p2

2 ) + ṡ2s2
= −c1e

2
1 + s1(f(x) + bu− ẍ∗

1 + ḋ1 + c1(x2 + d1 − ẋ∗

1)

+β1e
p1/p2

2 )− k3 |s2| − k4s
2
2

= −c1e
2
1 − s1(

ˆ̇
d1 − ḋ1 + c1(d̂1 − d1) + k1sgn(s1) + k2s1)

−k3 |s2| − k4s
2
2

= −c1e
2
1 − s1(eḋ1

+ c1ed1
+ k1sgn(s1) + k2s1)

−k3 |s2| − k4s
2
2

= −c1e
2
1 − s1(eḋ1

+ c1ed1
)− k1 |s1| − k2s

2
1 − k3 |s2| − k4s

2
2

(25)

It is assumed that

∣

∣

∣
(d̂1 − d1)=ed1

∣

∣

∣
≤ D1,

∣

∣

∣
(
ˆ̇
d1 − ḋ1) = eḋ1

∣

∣

∣
≤

D11, and D1, D11, are positive, and ḋ is inherently bounded.

The equation (25) is simplified to

V̇ ≤ −c1e
2
1 − k1 |s1|+ (D11 + c1D1) |s1|

−k2s
2
1 − k3 |s2| − k4s

2
2

= −c1e
2
1 − (k1 −D11 − c1D1) |s1| − k2s

2
1 − k3 |s2| − k4s

2
2

(26)

When the choice of k1 satisfies k1 − D11 + c1D1 ≥ 0,

and V̇ ≤ 0. Thus, the asymptotical stability of the system is

proved.

IV. EXPERIMENT RESULTS AND ANALYSIS

To verify the effectiveness of the proposed backstepping non-

singular terminal sliding mode control with finite-time dis-

turbance observer (BNTSMC+FTDO), a 130MB150A non-

salient permanent magnet synchronous motor drive system

is taken as an example to conduct experiments. The experi-

mental platform is shown in Fig.3. The structure diagram of

the speed control experiment of the drive system is shown

in Fig.4. The sampling frequency of the IGBT is 10kHz. The

fundamental sample time of Simulink is 0.1ms. The sampling

period of the current loop is 0.1ms, and the sampling period

of the speed loop is 10ms. When the control algorithm

is compiled into the target code, it is downloaded to the

target computer to run through the RT-SIM software. The

target machine controls the motor through a special control
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TABLE 1: Parameters of Motor

Description Value Unit

rated speed 1000 r/min

rated power 1.5 kW

moment of inertia 0.0027 kg ·m2

permanent magnet flux 0.32 Wb

line resistance 1.84 Ω

line inductance 6.65 mH

number of pole pairs 4

card. In addition, the Links-RT real-time simulation software

package can record and monitor the experimental data in real

time, which can facilitate real-time verification of the control

performance of the proposed method. The motor parameters

are shown in Table 1.

FIGURE 3: Experiment platform.

In order to better verify the effectiveness, the proposed

method is compared with the PI controller, backstepping

controller with nonlinear disturbance observer (BC+NDO)

in this section. In terms of PI controller, the parameters of

the speed loop are Kp = 0.04, Ki = 0.5, and the two

current loops are selected for the same parameters as Kp = 9,

Ki = 100. In the parameter selection of BNTSMC+FTDO,

the choice of c1 in the controller affects the convergence rate

of the system, β1 and β2 have a greater impact on the chatter-

ing of the system. Similar in the sliding mode gain, the choice

of k1 and k3 has a greater impact on the chattering of the

system, while the choice of k2 and k4 affects the convergence

of the sliding mode surface. In order to reduce chattering, β1,

β2, k1, k3 are selected with smaller parameters. The larger

sliding mode gain k2, k4 and controller parameter c1 are

FIGURE 4: The configuration of the experimental PMSM

drive system.

selected to ensure the faster convergence. However, excessive

selection of the above parameters will cause large overshoot.

In order to alleviate the above problems, the parameters of

the observer can alleviate the problem of excessive parameter

selection of the controller to a certain extent. At the same

time, the larger parameters of the observer can reduce the

speed drop and accelerate the recovery time. In order to

balance the fast convergence, speed overshoot and chattering,

the parameters are obtained by trial and error method. We

get the following parameters c1 = 500 , β1 = 2, β2=10,

p1 = 7, q1 = 5, p2 = 7, q2 = 5, k1 = 10, k2 = 1200,

k3 = 50, k4 = 1800, L1 = 20, λ0 = λ1 = λ2 = 50.

The system has obtained fascinating control effect through

the final parameter selection.

In order to ensure the fairness of comparison, in these three

methods, the response speed, overshoot and anti-disturbance

performance are comprehensively considered. The controller

parameters are adjusted repeatedly, and the trial and error

method is used to ensure the best control performance of the

system. In addition, in the experiment, the comparison of the

experiment is completed under the same conditions.

In the experiment, the performance of the control method

has been studied with 200r/min, 600r/min, and 1000r/min

as the reference speeds. The motor starts with a load

torque of 0.5N · m. The speed response curves of PI,

BC+NDO,NTSMC+DO, BNTSMC, and BNTSMC+FTDO

are shown in Fig.5. It can be seen from the Fig.5 that the

overshoots of PI and BC+NDO control methods at 200r/min,

600r/min, and 1000r/min are 28r, 48r, 81r, and 14r, 22r, 41r,

respectively. And the response time is 0.50s, 0.56s, 0.58s

and 0.27s, 0.31s, 0.36s, respectively. And the overshoot and

response time of the NTSMC+DO control method are 17r,

21r, 29r, and 0.29s, 0.50s, 0.52s, respectively. The overshoot

and response time of the proposed BNTSMC+FTDO method

are 13r, 6r, 10r, and 0.25s, 0.27s, 0.28s, respectively. The

control precision at 200r/min is ±6r, and the relative control

precision is 3%. The control precision at 600r/min is ±2,

and the relative control precision is 0.33%. Similarly, the

control precision at 1000r/min is ±3, and the relative control

precision is 0.3%. Through the comparison of experimental
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data, because the motor starts with 0.5N · m load, it is

difficult for BNTSMC method to reach the rated speed. The

finite-time disturbance observer estimates the load torque

disturbance effectively and the estimated disturbance is used

for the feed-forward compensation control. It is shown that

BNTSMC+FTDO control method has small overshoot and

fast response.
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FIGURE 5: Experimental curves at different speeds: (a)

n=200r/min (b) n=600r/min (c) n=1000r/min.

In order to further verify the anti-load disturbance ability

of the proposed method, the initial load torque is 0.5N · m,

the load disturbance 1N ·m and 3N ·m are imposed to the

system at 5s, and removed suddenly from the PMSM at t = 10

s, respectively. The load disturbance curves under three speed

conditions are shown in Fig.6-7. Fig.8 shows the electromag-

netic torque curve of BNTSMC+FTDO under load distur-

bance. Fig.9 shows the d1 disturbance curve estimated by

FTDO. It can be seen from the Fig.7 (b) that the speed drop

and recovery time of the PI, BC+NDO, NTSMC+DO, and

BNTSMC+FTDO methods at 600r/min are 63r, 54r, 55r, 42r

and 0.26s, 0.23s, 0.30s, 0.18s, respectively. When the load

disturbance is removed, the speed fluctuation and recovery

time of these four methods are 60r, 46r, 51r, 42r and 0.24s,

0.23s, 0.42s, 0.19s, respectively. The detailed experimental

results at other speeds are shown in Table 2-7. In terms

of anti-load disturbance ability, as for BNTSMC control,

it cannot attenuate the mismatched disturbance effectively,

so it has weak anti-load disturbance ability. The composite

control method of BNTSMC+FTDO achieves strong anti-

disturbance ability through the compensation of finite-time

disturbance observer. Through the analysis of experimental

results, the BNTSMC+FTDO method has smaller speed fluc-

tuation and faster response than PI, BC+NDO, BNTSMC,

and NTSMC+DO control methods, so the proposed method

has the better anti-load disturbance ability.

TABLE 2: Detailed comparison of the three control methods

under 1N ·m load torque disturbance (n = 200 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -20 +13 0.15 0.16
NTSMC+DO -28 +21 0.22 0.22

BC+NDO -26 +26 0.17 0.19
PI -29 +24 0.23 0.22

TABLE 3: Detailed comparison of the three control methods

under 1N ·m load torque disturbance (n = 600 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -13 +13 0.12 0.16
NTSMC+DO -23 +20 0.28 0.31

BC+NDO -21 +19 0.18 0.21
PI -21 +19 0.24 0.23

TABLE 4: Detailed comparison of the three control methods

under 1N ·m load torque disturbance (n = 1000 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -15 +11 0.15 0.18
NTSMC+DO -24 +29 0.30 0.35

BC+NDO -19 +16 0.21 0.21
PI -24 +20 0.24 0.23

TABLE 5: Detailed comparison of the three control methods

under 3N ·m load torque disturbance (n = 200 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -34 +38 0.19 0.20
NTSMC+DO -53 +50 0.25 0.25

BC+NDO -54 +46 0.22 0.23
PI -59 +63 0.27 0.26
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TABLE 6: Detailed comparison of the three control methods

under 3N ·m load torque disturbance (n = 600 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -42 +42 0.18 0.19
NTSMC+DO -55 +51 0.30 0.42

BC+NDO -54 +46 0.23 0.23
PI -63 +60 0.26 0.24

TABLE 7: Detailed comparison of the three control methods

under 3N ·m load torque disturbance (n = 1000 r/min).

Control Scheme
Speed Fluctuation (r/min) Adjustment Time (s)

load up load down load up load down

BNTSMC+FTDO -43 +39 0.19 0.18
NTSMC+DO -56 +53 0.23 0.35

BC+NDO -54 +50 0.22 0.21
PI -64 +60 0.22 0.23

In order to continue to verify the robustness of the pro-

posed method with parameter variations, the rotor flux and

inductance parameters are changed in the experiment, and

the experimental results are shown in Fig.10-13. These pa-

rameters are increased or decreased by 30%, respectively.

The experiment takes 600r/min as an example for discussion.

It can be seen from Fig. 5(b) the overshoot and response

time of BNTSMC+FTDO are 6r and 0.31s in the case of

no parameter variations. Fig.10 shows the speed and dq

axes current curve of the BNTSMC+FTDO method with the

increased 30% value of rotor flux (Φ). It can be seen that

the overshoot and response time of BNTSMC+FTDO are 13r

and 0.33s. Similarly, the overshoot and response time are 4r

and 0.29s when the rotor flux (Φ) is decreased by 30% as

shown in Fig.11. Then, the experiment of inductance param-

eter variations is carried out, and the experimental results are

shown in Fig.12-13. In Fig.12, the overshoot and response

time of the BNTSMC+FTDO method are 6r and 0.30s when

the inductance is increased by 30%. When the inductance

is decreased by 30%, the overshoot and response time of

the BNTSMC+FTDO method are 9r and 0.29s as shown

in Fig.13. It can be seen from the experimental comparison

results that under the condition of parameter variations, there

is no significant effect on the speed tracking and the dq

axes current curve compared with no parameter variations.

Therefore, the BNTSMC+FTDO method has a good ability

to resist parameter disturbance. Meanwhile, although FTDO

is not added to the d-axes current controller, d-axes current

oscillates around zero. The designed controller has good

current control performance and strong robustness.

Next, to verify the performance of the proposed method

during reversal, the experiments are also carried out, and the

experimental results are shown in Fig.14-15. As can be seen

in Fig.14, the overshoot of PI and BC+NDO method when

speed reversal at -200r/min, -600r/min, -1000r/min are 28r,

50r, 83r and 16r, 26r, 54r, respectively. And the response time

are 0.50s, 0.54s, 0.58s and 0.35s, 0.35s, 0.39s, respectively.

The overshoot and response time of the BNTSMC+FTDO

method are 12r, 6r, 10r and 0.27s, 0.30s, 0.28s, respectively.
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FIGURE 6: Experimental curves of different speeds under

1N ·m load disturbance: (a) n=200r/min (b) n=600r/min

(c) n=1000r/min.

From the experimental data, it is shown that overshoot and

response time of the three methods in the case of rever-

sal are almost the same as the forward rotation. And the

BNTSMC+FTDO method has smaller overshoot and shorter

response time than the PI and BC+NDO methods. This

further illustrates the superiority of the proposed method.

Finally, when the rotation speed is changed suddenly from

forward to reverse rotating, the experimental results with

three methods are shown in Fig.15. When the speed changes

from 200r/min to -200r/min at 5s, the overshoot and response

time of BNTSMC+FTDO, BC+NDO and PI methods are
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FIGURE 7: Experimental curves of different speeds under

3N ·m load disturbance: (a) n=200r/min (b) n=600r/min

(c) n=1000r/min.

14r, 19r, 40r and 0.28s, 0.37s, 0.55s, respectively. Similarly,

the overshoot and response time of the BNTSMC+FTDO,

BC+NDO and PI methods in forward rotation are 8r, 18r,

36r and 0.31s, 0.36s, 0.51s in Fig.15(b). When the speed

changes from 400r/min to -400r/min at 5s, the overshoot

and response time are 8r, 28r, 64r and 0.30s, 0.37s, 0.59s,

respectively. It is shown that BNTSMC+FTDO has smaller

overshoot and faster response speed than PI and BC+NDO

methods when the speed changes suddenly. When the motor

is in the reverse rotation, the overshoot and response time of

the BNTSMC+FTDO method are almost the same as the for-
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FIGURE 8: Electromagnetic torque curve of

BNTSMC+FTDO method under 3N ·m load disturbance.
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FIGURE 9: The estimated values of d1.

ward rotation. BNTSMC+FTDO method has better dynamic

performance even when the speed changes suddenly.

The experiment proves that the proposed BNTSMC+FTDO

method effectively improves the performance of the system.

And has the advantages of small overshoot, fast response,

strong robustness against parameter variations and external

disturbance.

V. CONCLUSION

In this paper, aiming at the speed regulation of permanent

magnet synchronous motor, a backstepping nonsingular ter-

minal sliding mode control (BNTSMC) method based on

finite time disturbance observer (FTDO) is proposed. First,

according to the recursion principle, a backstepping non-

singular terminal sliding mode speed controller based on

the Lyapunov function is designed. This method has the

asymptotic stability, the finite time convergence and the

robustness for the matched disturbance. But for the common

sliding mode control, it cannot effectively attenuate the mis-

matched disturbance. Therefore, in order to further improve

the anti-disturbance ability of the system, a finite-time dis-

turbance observer is introduced to estimate the mismatched

disturbance in the PMSM system. This compounded control

method combines the advantages of the two methods, and it

improves the tracking performance, anti-disturbance ability

and robustness of the system. The experimental results verify
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FIGURE 10: Speed and dq axes current curves of the

BNTSMC+FTDO method with the increased 30% value of

rotor flux (Φ).
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FIGURE 11: Speed and dq axes current curves of the

BNTSMC+FTDO method with the decreased 30% value of

rotor flux (Φ).
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FIGURE 12: Speed and dq axes current curves of the

BNTSMC+FTDO method with the increased 30% value of

inductance (L).
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FIGURE 13: Speed and dq axes current curves of the

BNTSMC+FTDO method with the decreased 30% value of

inductance (L).
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FIGURE 14: Experimental curves at different speeds: (a)

n=-200r/min (b) n=-600r/min (c) n=-1000r/min.

the superiority.

The proposed method in this paper is used the i∗d = 0
control method in the surface permanent magnet synchronous

motor. Compared with the i∗d = 0 control of the surface

permanent magnet synchronous motor, the MTPA control for

the interior permanent magnet synchronous motor can obtain

the maximum electromagnetic torque output with smaller

stator current. In the future, we will explore the MTPA

control for interior permanent magnet synchronous motor.
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FIGURE 15: Experimental speed curves when the speed
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