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Abstract This paper concerns the speed regulation
problem for permanent magnet synchronous motor
(PMSM) drive system with matched and mismatched
disturbance. A novel single-loop speed and current
control strategy with continuous integral-type termi-
nal sliding mode control (ITSMC) and disturbance
observer (DOB) is proposed. Firstly, the nonlinear
motor model including the lumped disturbance is con-
structed. Then, by introducing a virtual control, a con-
tinuous integral-type sliding mode controller, which
has the non-cascade structure, is developed based on
terminal sliding mode surface, and it has the glob-
ally asymptotic stability based on Lyapunov criterion.
However, when the drive system has large disturbance,
especially for unmatched external disturbance, the per-
formance of the whole system will be influenced. To
further improve the anti-disturbance performance, a
disturbance observer is introduced to estimate both
the matched and mismatched disturbance in the sys-
tem, and it is used for the feed-forward compensation,
and the stability of the system is proved. Finally, the
novel scheme is tested on a surface-mounted PMSM
by experiment, and the comparative results in different
operation conditions verify that the proposed method
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has the fast transient response and the strong robustness
for the disturbance.
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1 Introduction

Permanent magnet synchronous motor (PMSM) has
been widely used in electric vehicle and other fields
because of its high power density, high power factor and
good reliability [1]. In addition, permanentmagnet syn-
chronous motor has the highest power density, the effi-
ciency can reach 97%, and it can output the maximum
power and acceleration for the electric vehicle. In the
high-performance applications, field-oriented control
with double-loop cascade structure is often adopted, in
which the outer speed loop and the inner current loop
typically adopt conventional proportional integral(PI)
controllers [2,3]. However, PMSM is a multivariable
and strongly coupled nonlinear system, and the motor
drive system often faces the problems of load distur-
bance anduncertain parameters in actual operation.The
conventional method may not meet the actual require-
ments. Recently, predictive control [4], active distur-
bance rejection control [5], backstepping control [6],
slidingmode control [7], intelligent control [8] and dis-
turbance attenuation technique [9] have been presented
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for PMSM drive system, and they can improve motor
control performance in different ways.

Sliding mode control (SMC) has been proved to
be a potentially useful approach in complex nonlinear
system, and it shows outstanding advantages in strong
robustness, quick response and simple implementation
[10–12]. However, due to the existence of the slid-
ing mode switching function, the large switching gain,
which is needed to ensure the robustness, will produce
the chattering problem in SMC. To reduce the chatting,
the boundary layer integral sliding mode control tech-
nique is proposed in [13], but this method will affect
the robustness of the drive system. To improve dynamic
response performance and robustness, the slidingmode
control method based on the new exponential reach-
ing law is proposed for the speed control of PMSM
in [14]. A new sliding mode controller with extended
sliding mode disturbance observer is designed to opti-
mize the speed-control performance of PMSM in [15],
and the designed reaching law can dynamically adapt
to the variations of the controlled system. Consider-
ing the large chattering phenomenon caused by high
switching gain, sliding-mode controlmethods based on
extended state observer is proposed to the speed control
of PMSMin [16]. The slidingmode controller is used to
realize the feedback tracking control, and the extended
state observer is used to estimate the disturbance. In
[17], an integral fixed-time sliding mode controller
with disturbance compensation technology is proposed
for the speed regulation of PMSM. The sliding mode
control and deadbeat controller are employed to the
speed and current control of PMSM in [18], respec-
tively, and to suppress the disturbance in the drive sys-
tem, the high-order sliding mode observer is designed.
To realize finite-time convergence, the terminal slid-
ing mode controllers based on a non-singular termi-
nal sliding mode manifold are designed for the speed
loop in [19-21], in which the motor speed can reach
the reference value in finite time, and a faster conver-
gence speed can be achieved. Meanwhile, to further
improve the anti-disturbance performance, the distur-
bance observer or extended state observer is introduced
to the sliding mode controller. In [22,23], the position
or current control methods based on sliding mode con-
trol have been presented for PMSM drive. In addition,
the sliding mode control can also be used for the sen-
sorless control of PMSM [24,25].

The sliding mode control methods above are usu-
ally used in the speed loop or current loop through

replacing the conventional proportional integral con-
troller for PMSMdrives. In this structure, the controller
parameters should be tuned separately from the inner
to the outer loop. And to avoid ringing and large over-
shoots, bandwidth of cascade controllers is often lim-
ited. Thus, a fairly modest speed control dynamic is
achieved [26,27].With the rapid development ofmicro-
computer technology, the control periods between the
speed loop and current loop of PMSM gradually
decreased, even have been disappeared, therefore, the
cascade control with the speed loop and current loop is
no longer necessary for PMSM drive system [28].

An alternative approach is the speed and current
single-loop controller with non-cascade structure. In
this method, the speed loop controller and q-axes cur-
rent controller are designed by one controller. Com-
pared with the slidingmode control with cascade struc-
ture for PMSM, there are few researches about non-
cascade sliding mode control strategy. A non-cascade
speed controller is designed in [13], and a input-output
linearization method is adopted in the paper. In [29],
a terminal sliding mode single-loop control method is
proposed, but the feedback linearization technology is
also needed in the design process of the controller, the
controller is complex and only simulation results are
provided. In [30], a non-cascade backstepping sliding
mode controller is proposed for PMSM, and a three-
order extended state observer is designed to estimate
the disturbance. The linear sliding mode surface is
designed, and the finite-time convergence cannot be
guaranteed. In [31], by considering the lumped distur-
bance in the system, a discrete-time sliding mode con-
troller with disturbance observer is proposed for the
non-cascade control of PMSM.

Meanwhile, from the literatures above, to further
improve the robustness and reduce the chatting of
sliding mode control, a kind of simple and effective
method is to use disturbance estimation technology.
Through estimating the lumped disturbance in the sys-
tem, the estimated disturbance is used for the feed-
forward compensation control. Thedisturbance estima-
tion and attenuation techniques for PMSM drives have
been summarized in [9], such as, extended slidingmode
disturbance observer [15,18], extended state observer
[16,21] and disturbance observer [19,20,32,33].

In this paper, a novel speed and current control
method is proposed for PMSM drives with matched
and mismatched disturbance. The major contribution
of this work is: (1) a continuous integral-type terminal
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SMC method (ITSMC) is proposed for the speed con-
trol of PMSM. Different from the conventional con-
troller, the controller adopts the single-loop control,
where the speed loop and q-axes current loop con-
troller are designed together. (2) The lumped distur-
bance (matched and mismatched disturbance) is intro-
duced to the design of sliding mode surface, and a new
slidingmode controller is constructed. A nonlinear dis-
turbance observer is designed to estimate the lumped
disturbance, and the anti-disturbance performance is
effectively improved. (3) The experiment based on the
proposed method is completed, and the comparison of
the results indicates that the proposed control methods
have excellent robustness and dynamic behavior.

This paper is organized as follows. In Sect. 2, the
mathematical model of PMSM considering the lumped
disturbance is introduced. In Sect. 3, the novel SMC
speed controller is proposed. In Sect. 4, the compos-
ite controller with disturbance observer is constructed.
The corresponding experimental results are demon-
strated in Sect. 5. The conclusion is given in Sect. 6.

2 The mathematical model of PMSM

The dynamic model of PMSM in d-q synchronous ref-
erence frame can be written as [13,30]
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

did
dt = −Rsid

Ld
+ n pω

Lq
Ld
iq + 1

Ld
ud − fd

diq
dt = −Rsiq

Lq
− n pωLd id

Lq
− n pωΦ

Lq
+ 1

Lq
uq − fq

dω
dt = Te

J − TL
J − fw

(1)

The electromagnetic torque in d-q synchronous ref-
erence frame is

Te = n p
[
(Ld − Lq)id iq + Φiq

]
(2)

where Ld and Lq represent d-axes and q-axes stator
inductances, respectively. id and iq are the stator cur-
rent. ud and uq are the stator input voltage in dq-axes
reference frame. Rs is the per-phase stator resistance.
n p 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. fd , fq and fw represent the
uncertainties, which are caused by parameter variations
and model uncertainties, and they are assumed to be
bounded and changed slowly in the system.

For the surface mounted PMSM, the d-axes induc-
tance is considered equal to q-axes inductance(Ld =

Fig. 1 The control structure of PMSM speed drive system with
PI control

Fig. 2 The control structure of PMSM speed drive system with
the proposed method

Lq ), thus the electromagnetic torque can be expressed
as Te = n pΦiq . From the third equation of (1), the
motion equation can be simplified as
dω

dt
= n pΦiq

J
− TL

J
− fw (3)

The control structure of PMSM speed drive sys-
tem based on conventional PI controller and the pro-
posed method are shown in Fig. 1 and Fig. 2, respec-
tively. Different from the classical double-loop control
methodwith the inner q-axes current loop and the outer
speed loop in Fig. 1, the novel controller adopts the
speed and current single-loop control with continuous
integral-type SMC and disturbance observer. In addi-
tion, the control system includes a surface mounted
PMSM, an inverter, space vector pulse width modu-
lation(SVPWM) and coordinate transformation mod-
ules, d-axes current controller with PI method. The d-
axes reference current i∗d is usually set to zero to ensure
a constant flux operating condition [34]. ω∗ is the ref-
erence speed.

3 Design of the novel SMC controller

Given themodel of PMSM, the objective of this paper is
to devise a novelmotor control strategywith continuous
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adaptive integral-type terminal sliding mode control to
realize the speed tracking control of PMSM drive, and
the controller adopts the non-cascade structure.

Firstly, an equivalent model of (1) and (3) is con-
structed. Define x ′

1 = ω∗ − ω and x ′
2 = iq , the fol-

lowing can be derived as
{
ẋ ′
1 = ω̇∗ − ω̇ = ω̇∗ − n pΦiq

J + TL
J + fw

ẋ ′
2 = −Rsiq

Lq
− n pωLd id

Lq
− n pωΦ

Lq
+ 1

Lq
uq − fq

(4)

The model (4) can be further expressed as
{
ẋ ′
1 = k11x ′

2 + d1
ẋ ′
2 = k21x ′

1 + k22x ′
2 + k23uq + a(x) + d ′

2
(5)

where k11 = − n pΦ

J , k21 = n pLd id
Lq

+ n pΦ

Lq
, k22 = − Rs

Lq
,

k23 = 1
Lq
,a(x) = − n pLd id+n pΦ

Lq
ω∗,d1 = ω̇∗+ TL

J + fw

and d ′
2 = − fq .

Then, define the state variables as x1 = x ′
1, x2 =

k11x ′
2. From (5), a second-order system with matched

and mismatched disturbance is derived
{
ẋ1 = x2 + d1
ẋ2 = f (x) + bu + d2

(6)

where f (x) = k11k21x1+k22x2+k11a(x), b = k11k23
is input coefficient. u = uq is the sliding mode control
input to be designed. d1 and d2 = k11d ′

2 are the distur-
bance. d1 represents the mismatched disturbance, and
d2 represents the matched disturbance.

Since the disturbance is mainly caused by parameter
uncertainty and external disturbance in PMSM drive,
and the change of these disturbance is relatively slow
[19,35], it is assumed that |d1| ≤ D1, |d2| ≤ D2 and∣
∣ḋ1

∣
∣ ≤ D11,

∣
∣ḋ2

∣
∣ ≤ D22, where D1, D2 and D11, D12

are positive.
Next, according to (6), the sliding mode speed con-

troller will be designed. Firstly, a slidingmode function
is designed as s0 = ẋ1 + c0x1, then

s0 = x2 + d1 + c0x1 (7)

Taking a Lyapunov candidate function as V0 = 1
2 s

2
0 ,

and the differential of V0 with respect to time is

V̇0 = s0ṡ0 = s0(ẋ2 + ḋ1 + c0 ẋ1) (8)

A virtual control input needs to be designed for the
reference of x2, According to (8), a virtual control input
is chosen as x∗

2 = −c0x1−
∫ t
0 k0sgns0dτ , and substitute

it into V̇0

V̇0 = −k0s0sgns0 + s0ḋ1 ≤ −k0 |s0| + D11 |s0| (9)

If k0 > D11 is chosen in the controller, then V̇0 ≤ 0
can be derived. Consequently, x1 will be asymptotically
converged to zero [36].

Then, a sliding mode control input u should be
designed to force x2 to track x∗

2 . The tracking error
of x2 is defined as e2 = x2 − x∗

2 , and the differential of
e2 with respect to time is

ė2 = ẋ2 − ẋ∗
2

= f (x) + bu + d2 − ẋ∗
2

= f (x) + bu + d2 + c0 ẋ1 + k0sgns0

= f (x) + bu + d2 + c0x2 + c0d1 + k0sgns0 (10)

From (10), in order to obtain the sliding mode con-
trol law, a non-singular terminal slidingmodemanifold
is chosen as

s1 = ė2 + c1e2
p1/q1 (11)

where c1 > 0, p1 and p2 are positive odd integers, and
1 < p1/q1 < 2.

Substituting (10) into (11)

s1 = ė2 + c1e2
p1/q1

= f (x) + bu + d2 + c0x2 + c0d1

+k0sgns0 + c1e2
p1/q1 (12)

Finally, the continuous integral slidingmode control
law can be derived as

uq = u = −1

b

[
f (x) + c0x2 + k0sgns0
+c1e2 p1/q1 + ∫ t

0 k1sgn(s1)dτ

]

(13)

Considering the follow Lyapunov function V1 =
1
2 s1

2, V̇1 can be written as

V̇1 = −k1s1sgns1 + s1(ḋ2 + c0ḋ1)

≤ −k1 |s1| + |s1| (D22 + c0D11) ≤ 0 (14)

Similarly, if k1 ≥ D22 + c0D11 is chosen, V̇1 ≤ 0
can be ensured. Therefore, the control system with the
proposed continuous integral-type sliding mode con-
troller is asymptotically stable. To ensure the stability
and strength the robustness of the system, the larger
slidingmode switching gains k0, k1 should be designed.
Inevitably, the chattering of the control system will
be increased. Therefore, the switching gains should be
given in a reasonable range.

4 Design of composite controller with disturbance
observer

The external disturbance and parameter uncertainties
are real existence in the drive system. To further
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improve the anti-disturbance performance, a nonlin-
ear disturbance observer, which is used to estimate the
matched and mismatched disturbance in the system, is
introduced to the ITSMC in this part. In order to com-
plete the controller, the design of sliding mode con-
troller needs to be improved, and the detailed design
process can be divided into the following two steps.

(1) According to the design steps of the upper slid-
ing mode controller, a virtual control input is afresh
chosen as x∗

2 = −c0x1 − d1 − ∫ t
0 k0sgns0dτ . Obvi-

ously, the mismatched disturbance is included in the
virtual input. And substitute it into V̇0 in (8), then
V̇0 = −k0s0sgns0 ≤ 0 can be obtained.

Then, the differential of tracking error e2 with
respect to time can be expressed as

ė2 = ẋ2 − ẋ∗
2

= f (x) + bu + d2 + c0x2 + c0d1 + ḋ1 + k0sgns0

(15)

According to the selected sliding mode manifold s1
in (11), it can be rewritten as

s1 = ė2 + c1e2
p1/q1

= f (x) + bu + d2 + c0x2 + c0d1

+ḋ1 + k0sgns0 + c1e2
p1/q1 (16)

Then, the slidingmodecontrol lawcanbe redesigned
as

uq = u

= −1

b

⎡

⎣
f (x) + d2 + c0x2 + c0d1
+ḋ1 + k0sgns0
+c1e2 p1/q1 + ∫ t

0 k1sgn(s1)dτ

⎤

⎦ (17)

From the virtual control input and the control law
(17), the disturbance information exists in the designed
controller. Although sliding mode control has a certain
robustness for the disturbance by designing a large slid-
ing mode switching gain, it may not satisfy the actual
requirements in some applications. An alternative solu-
tion for the disturbance is tomake the control law adap-
tive to the disturbance, which is estimated online by an
observer [37,38].

In addition, although thedisturbanceobservermethod
has been used for PMSM in [15,18–20], the designed
observers above are only applicable for the matched
uncertainties, which mean that the uncertainties exist
in the same channel as that of the control input [27]. In
fact, themismatched disturbance exists in themodel (6)
and the sliding mode controller (17). Therefore, these

methods cannot estimate the lumped disturbance in the
system.

(2) To effectively estimate the lumped disturbance,
the nonlinear disturbance observer method is intro-
duced [39], and it is used for the disturbance compen-
sation for PMSM.

Consider the system with uncertainty and external

disturbance, define x = [
x1 x2

]T
and d = [

d1 d2
]T
.

From the second-order system (6), the following can
be derived as
{
ẋ = f1(x) + g1(x)u + g2(x)d
y = h(x)

(18)

where f1(x) = [
x2 f (x)

]T
, g1(x) =

[
0 0
0 b

]

and

g2(x) =
[
1 0
0 1

]

.

The nonlinear disturbance observer can be designed
as
{
ṗ = −lg2(x)p − l(g2(x)lx + f1(x) + g1(x)u)

d̂ = p + lx
(19)

where p is the observer’s internal state variables.

l =
[
l1 0
0 l2

]

is observer gain matrix. d̂ =
[

d̂1 d̂2
]T

is

the estimated disturbance by the disturbance observer.
The error of the matched and mismatched distur-

bance estimation is defined as ed = d − d̂ , then

ėd = ḋ − ˙̂d (20)

Substitute (18) (19) into (20), the following can be
derived as

ėd = ḋ − ˙̂d
= ḋ − ( ṗ + l ẋ)

= ḋ − [−lg2(x)p − l(g2(x)lx + f1(x) + g1(x)u)]

−l [ f1(x) + g1(x)u + g2(x)d]

= ḋ + lg2(x)(d̂ − lx) + lg2(x)lx − lg2(x)d

= ḋ − led (21)

Choosing a Lyapunov function as Vd = 1
2ed

2, the
differential of Vd can be expressed as V̇d = ed ėd .
According to the assumption that ḋ is bounded, there
is a suitable observer gain l satisfying V̇d ≤ 0, thus the
estimation error will asymptotically converge to zero.

Through the observer in (19), the lumped distur-
bance d can be effectively estimated. In addition, due
to the disturbance changes slowly in the actual sys-
tem, thus, the derivative of disturbance is considered
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to be zero in the controller. To sum up, by combining
the designed continuous terminal sliding mode control
laws (17) and the disturbance observer (19), the control
voltage reference signal can be derived as

uq =u=−1

b

[
f (x)+d̂2 + c0x2 + c0d̂1+k0sgns0
+c1e2 p1/q1 + ∫ t

0 k1sgn(s1)dτ

]

(22)

Substitute (22) into (16), s1 can be rewritten as

s1 = −d̂2 − c0d̂1 −
∫ t

0
k1sgn(s1)dτ + d2 + c0d1 (23)

Then

ṡ1 = − ˙̂d2 − c0
˙̂d1 − k1sgn(s1) + ḋ2 + c0ḋ1 (24)

Define d̃1 = d1−d̂1, and d̃2 = d2−d̂2. It is assumed

that
∣
∣
∣d̃1

∣
∣
∣ ≤ C1 and

∣
∣
∣d̃2

∣
∣
∣ ≤ C2 where C1, C2 are posi-

tive.
Substitute the disturbance observer (19) into (24),

the following can be derived as

ṡ1 = −l2(d̂2 − d2) − c0l1(d̂1 − d1)

+c0ḋ1 + ḋ2 − k1sgn(s1)

≤ l2C2 + c0l1C1 − k1sgn(s1) (25)

According to the chosen Lyapunov function V1 =
1
2 s1

2, if k1 ≥ l2C2 + c0l1C1 is satisfied, V̇1 ≤ 0 is
derived. Thus, the asymptotical stability of the closed-
loop speed control is proved.

5 Experimental results and analysis

In this section, the experiment is developed on a
PMSMplatform to verify the feasibility of the proposed
integral-type terminal sliding mode control method
under the disturbance. The configuration of experimen-
tal system is introduced in Fig. 3. The experimental
platform is shown in Fig. 4. The platform consists of a
130MB150A non-salient pole PMSM coupled to the
load motor, a power converter based on IGBT, and
the LINKS-RT rapid prototyping system as the con-
troller. The main circuit adopts the technology of ac-
dc-ac variable frequency. The switching frequency is
set as 10kHz. The parameters of PMSM are listed in
Table 1.

First of all, the experiment is completed with
ITSMC. The speed reference trajectory is realized by
a second-order linear filter with fast dynamics. More-
over, to reveal the superiority of the proposed integral

Fig. 3 The configuration of experimental system

Fig. 4 The experimental platform

Table 1 Parameters of PMSM

Description Value Unit

Rated power 1.5 kW

Rated speed 1000 r/min

Rated torque 14.5 Nm

Stator resistance 1.84 �

Stator inductance 6.65 mH

Rotor flux 0.32 Wb

Rotor inertia 0.0027 kgm2
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sliding mode control, it is compared with the conven-
tional cascade control with PI controller in terms of
dynamic response and robustness. According to the
frequency-domain model of speed control system, the
PI parameters are adjusted by trial and error to achieve
a good control performance. The PI parameters for
speed loop controller are selected as kp = 0.04 and
ki = 0.5, respectively. The parameters for current loop
controller are kp = 9 and ki = 100, respectively. The
parameters of ITSMC are chosen as c0 = c1 = 250
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dq-axes current, b electromagnetic torque and c dq-axes voltage
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Fig. 11 The changed waveforms of 600 r/min under load distur-
bance with ITSMC: a dq-axes current, b electromagnetic torque
and c dq-axes voltage
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Fig. 12 The speed waveforms with 1000 r/min based on PI
and ITSMC: a the transient response waveforms, b the change
waveforms under load disturbance

and p1/q1 = 1.4. Then, different sliding mode control
gain k0 and k1 are set to test the speed tracking per-
formance, and they are chosen as k0 = k1 = 3000,
k0 = k1 = 5000 and k0 = k1 = 7000, respectively.
To test the dynamic performance of ITSMC, the ref-
erence speed of the motor is given as 600 r/min, and
the initial load torque is 0.5Nm. The speed response
waveforms are shown in Fig. 5. To test the robustness
for the disturbance, when themotor steadily operates at
600 r/min, the load disturbance about 3.5Nm is added
on the drive system at t = 5s, and it is removed at
t = 10s, the speed change waveforms are shown in
Fig. 6. The steady-state speed waveforms under three
groups of parameters are shown in Fig. 7.

From Fig. 5, we can see that the speed overshoot
increases along with the increase in sliding mode con-
trol gain, and the overshoot is 7 r, 9 r and 21 r, respec-
tively. The settling time is about 0.2 s under three
groups of parameters. The steady-state tracking error
can quickly converge to zero. The controller has good
speed tracking performance. When the load distur-
bance is added, as seen in Fig. 6, the speed has the fluc-
tuation, and the speed fluctuation is about 69 r, 66 r and
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Fig. 13 The speed waveforms with 200 r/min based on PI and
ITSMC: a the transient response waveforms, b the change wave-
forms under load disturbance

68 r, respectively. The recovery time is 0.5 s, 0.35 s and
0.25 s, respectively. The speed fluctuations in steady
state are 4 r, 7 r and 10 r, respectively, as seen in Fig. 7.

In summary, the results above show that the over-
shoot turns largerwith the increase in slidingmode con-
trol gains, and the recovery time under the disturbance
turns shorter obviously with the increase in sliding
mode gains. The results also prove that the robustness
is improved along with the increase in sliding mode
gains, but the fluctuation in steady state will increase.
Thus, considering the dynamic and the steady-state per-
formance, k0 = k1 = 5000 is selected in the following
experiment.

Then the proposed method is compared with cas-
cade PI controller, the speed response waveforms of
two methods are shown in Fig. 8. The dq-axes cur-
rent, electromagnetic torque anddq-axes voltagewave-
forms of the proposed method are shown in Fig. 9. The
overshoot of speed is 48 r and 9 r, respectively, and the
settling time to the reference speed is 0.6 s and 0.2 s,
respectively. The proposed ITSMC has the faster start-
ing performance. When the load disturbance is added
or removed, the speed dynamic waveforms are shown
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Fig. 14 The speed response waveforms with ITSMC,
TSMC+DOB and ITSMC+DOB: a 600 r/min, b 1000 r/min, c
200 r/min

in Fig. 10, and the corresponding dq-axes current, elec-
tromagnetic torque and dq-axes voltage waveforms
are shown in Fig. 11. From Fig. 10, we can see that
the two methods (PI and ITSMC) have the fluctuation
about 74 r, 66 r, respectively, and the motor speed can
recover to the reference value under the disturbance
about 0.25 s and 0.35 s, respectively. The results prove
that the proposed method has the better transient per-
formance. When the load disturbance is added, the PI
control has the faster recover time, but it has the bigger
fluctuation.
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Fig. 15 The response waveforms of 600 r/min with
ITSMC+DOB: a dq-axes current, b electromagnetic torque and
c dq-axes voltage

To further verify the control performance of the
proposed method, the reference speed is given as
1000 r/min and 200 r/min, respectively. The speed
response waveforms based on PI control and ITSMC
are shown in Figs. 12a and 13a. When the load dis-
turbance is added or removed, the speed comparison
waveforms are shown in Figs. 12b and 13b. From the
figures,we can see that the overshoots under 1000 r/min
are 28 r and 84 r, respectively, and the settling time of
ITSMC is shorter than PI controller. When the distur-
bance is added on themotor, the fluctuations of ITSMC
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Fig. 16 The speed change waveforms under load disturbance
with ITSMC TSMC+DOB and ITSMC+DOB: a 600 r/min, b
1000 r/min, c 200 r/min

and PI are 65 r and 75 r, respectively. Themore compar-
isons are shown in Tab. 2. The results above also prove
that the proposed SMC method has the faster response
performance. When the load torque is changed, the PI
control has the slightly faster recover time and the larger
fluctuation.

Next, the experiments are developed to verify the
feasibility of the proposed integral-type terminal slid-
ing mode control with disturbance observer, and it is
compared with both ITSMC without observer and the
traditional terminal sliding mode control (TSMC) with
DOB. The magnitude of the observer gains determines
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Fig. 17 The changed waveforms of 600 r/min under load distur-
bance with ITSMC+DOB: a dq-axes current, b electromagnetic
torque and c dq-axes voltage

the speed of convergence, which means the conver-
gence speed increases with the gains. But too large
gains will cause the overshoot in the starting process.
Thus, the parameters in the observer gain matrix are
chosen by using a trial and error method. The observer
gains of the proposed method are set as l1 = l2 = 0.8.
In the traditional terminal sliding mode control, the
sliding mode surface is designed as s = ė + βep/q ,
β > 0, 1 < p/q < 2, the approach rate is ṡ =
−m1s − m2sign(s), where β = 135, q/p = 1.4,
m1 = 1000, m2 = 10.

Similarly, to test the dynamic performance of
ITSMC+DOB, the reference speed of the motor is
given as 600 r/min, 1000 r/min and 200 r/min, respec-
tively. Compared with ITSMC and TSMC+DOB, the
speed response waveforms are shown in Fig. 14.
The dq-axes current, electromagnetic torque and dq-
axes voltage waveforms under 600 r/min are shown in
Fig. 15. From the figures under threemethods (ITSMC,
TSMC+DOB, ITSMC+DOB),we can see that the over-
shoots with 600 r/min are 9 r, 43 r, 17 r, and the settling
time is about 0.2 s, 0.45 s, 0.2 s, respectively. The over-
shoots with 1000 r/min are 28 r, 76 r, 32 r, and the set-
tling time is about 0.2 s, 0.5 s, 0.2 s, respectively. The
overshoots with 200 r/min are 10 r, 23 r, 12 r, and the
settling time is about 0.1 s, 0.3 s, 0.1 s, respectively.
Through the comparison, the ITSMC has the best start-
ing performance. The proposed composite controller
has slightly larger overshoot than ITSMC, and the
TSMC+DOB method has the larger overshoot and the
slower response speed.

To test the anti-disturbance performance, at t = 5s,
the load disturbance 3.5Nm is added on the motor and
it is removed at t = 10 s, the compared speed wave-
forms are shown in Fig. 16, and the dq-axes current,
electromagnetic torque and dq-axes voltagewaveforms
under 600 r/min are shown in Fig. 17. As seen in the
figures under three methods (ITSMC, TSMC+DOB,
ITSMC+DOB), when the reference speed is 600 r/min,
the speed drop with load disturbance is 66 r, 62 r,
60 r, respectively. The recover time to the reference
speed is 0.35 s, 0.25 s and 0.25 s, respectively. Com-
pared with ITSMC, the proposed composite controller
has the faster recover time and the smaller drop with
the load disturbance, and it has the stronger robust-
ness for the disturbance. From the figures, although the
TSMC+DOB has the faster recover speed, it has the
similar time to the reference value with the proposed
ITSMC+DOB. The detailed performance comparison
of the controllers under different reference speed is
shown in Tab. 2.

6 Conclusion

A new speed control method is proposed for PMSM
in this paper. At first, a continuous integral-type termi-
nal sliding mode control is proposed. Different from
the conventional cascade control with the inner current
loop and the outer speed loop. The proposed controller
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Table 2 The detailed performance comparison of four kinds of controllers under different reference speed

Control scheme Starting performance Load disturbance (load up/load down)

Overshoot Settling Speed Adjustment time
time fluctuation

600 r/min ITSMC+DOB 17r 0.2 s 60 r/57 r 0.25 s/0.25 s

ITSMC 9r 0.2 s 66 r/61 r 0.35 s/0.35 s

PI 48 r 0.6 s 74 r/69 r 0.25 s/0.25 s

TSMC+DOB 43r 0.45 s 62 r/42 r 0.25 s/0.25 s

1000 r/min ITSMC+DOB 32r 0.2 s 61 r/60 r 0.25 s/0.3 s

ITSMC 28r 0.2 s 65 r/50 r 0.3 s/0.3 s

PI 84 r 0.6 s 75 r/68 r 0.25 s/0.3 s

TSMC+DOB 76r 0.5 s 60 r/51 r 0.25 s/0.3 s

200 r/min ITSMC+DOB 12r 0.1 s 51 r/63 r 0.25 s/0.25 s

ITSMC 10r 0.1 s 66 r/64 r 0.35 s/0.35 s

PI 28 r 0.5 s 77 r/79 r 0.25 s/0.25 s

TSMC+DOB 23r 0.3 s 55 r/52 r 0.3 s/0.3 s

adopts the non-cascade structure, and it has the better
transient performance. To further improve the robust-
ness of the system, through introducing a nonlinear
disturbance observer to the designed sliding mode con-
troller, a composite speed controller is constructed, and
the observer is used for the feed-forward compensa-
tion.The recovery time for the disturbance is effectively
improved. The experimental results prove the effective-
ness of the proposed method. At present, the current
constraint problem for the designed non-cascade con-
troller has not been solved, and it will be the focus of
future research. In addition, the control problem with
the proposed method in field-weakening region will be
considered in future work.
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