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An Improved Adaptive Sliding Mode Observer for
Middle- and High-Speed Rotor Tracking

Wenjun Xu , Shaocheng Qu , Member, IEEE, Liang Zhao, and Hongrui Zhang

Abstract—In this article, a sensorless field-oriented vector con-
trol strategy combined with an improved adaptive sliding mode
observer and a back electromotive force (back EMF) observer is
presented for a surface permanent magnet synchronous motor.
First, based on a sliding mode, a current adaptive observer with
estimation of back EMF is proposed to obtain the error of the
back EMF, which can reduce system chattering. Then, a back EMF
observer based on the back EMF error is constructed to adap-
tively track the rotor speed and position, which avoids complicated
computation. Moreover, the stability of two observers is proved by
using the Lyapunov stability theory. Finally, some simulations and
experiments are given to show that the proposed method can track
the changes of rotor speed and position with good characters, such
as fast convergence, little chattering, and good robustness.

Index Terms—Back electromotive force (back EMF), improved
adaptive sliding mode observer (IASMO), sensorless control,
surface permanent magnet synchronous motor (SPMSM).

I. INTRODUCTION

SURFACE permanent magnet synchronous motors
(SPMSMs) are widely used in medical equipment, indus-

trial automation, household appliances, aerospace, unmanned
aerial vehicle, and other fields for its advantages of light weight,
small size, high efficiency, good reliability, easy control, and
wide speed range [1]. On account of its nonlinearity, multi-
coupling, and time-varying characteristics, appropriate control
strategies are required to achieve good control performance [2].
In traditional vector control systems, the rotor speed and position
are measured by mechanical sensors such as photoelectric en-
coder and rotary transformer, which not only increase the cost of
system hardware, but also reduce the system reliability [3], [4].
With the rapid development of microcomputer technology, low-
cost and high-performance digital processors enable many com-
plex algorithms of sensorless technology to be achieved [5], [6].
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In recent years, the research of sensorless control technology
has become one of the most popular fields in the control tech-
nology of PMSM. According to the speed range, the method
of sensorless control can be divided into two categories. One is
the middle- and high-speed sensorless control method, includ-
ing direct estimation method, model reference adaptive system
(MRAS), and extended Kalman filter [2], [7], [8]. The other
is the low-speed sensorless control strategy, tracking the rotor
salient pole through injecting high-frequency signals [9], [10].

However, direct estimation method uses the basic electro-
magnetic relationship of PMSM to obtain the rotor position
information, which is sensitive to motor parameters. Moreover,
the system error is large and the robustness is poor due to the
uncertainty of motor parameters in operation. MRAS is a param-
eter identification method based on stability theory, which takes
unknown parameter equations as an adjustable model. As MRAS
does not completely get rid of the dependence on the parameters,
the adjustment of parameters is troublesome and the calculation
intensity is high [11]. Extended Kalman filter can effectively
reduce the disturbance of external disturbance, which works
for motors with high dynamic drive system, but its algorithm
brings large computation costs and requires high performance
of processors [12]–[14]. The high-frequency injection method
can effectively observe the rotor position in the low-speed field
and solve the salient pole effect of PMSM, but it has narrow
application range and easily causes additional high-frequency
voltage or current noise [15], [16]. Sliding mode observer (SMO)
is independent of the parameters of the SPMSM and external
disturbances, so it can ensure the stability and robustness of
the system. Moreover, the control algorithm of SMO is simple
and easy to be implemented. However, owing to the switching
attribute of sliding mode control, the discontinuity of internal
control of the system will cause chattering phenomenon and
affect the accuracy of control system, even damage devices.
Although the chattering cannot be eliminated completely, it can
be reduced as much as possible [17], [18].

Much research has been carried out on the reduction of the
chattering effect caused by SMO [19]–[21]. The sigmoid or
hyperbolic tangent function combined with low-pass filter is
usually used to replace the traditional signum function, which
leads to the phase shift and low accuracy in the system [22].
In [23], an iterative SMO for sensorless control is proposed to
make the system robust against disturbance and it can adapt
the variations of the motor parameters. And in [24], a high-
speed SMO for the sensorless PMSM control is introduced
to overcome the sensitivity of the parameter change through
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Fig. 1. Block diagram of SPMSM drive system.

observing the variation in the stator resistance. However, after
extracting the back EMF information by SMO, the method of
calculating the rotor position and angular velocity, which uses
arctangent function and differential equation, will introduce
high-frequency noise of the system and then, even destroy the
stability of the system. There is also a common approach to
extract the rotor speed and position information by phase-locked
loop, which can filter the high-frequency noise of the system and
quickly track the change of the rotor information [25]–[27]. But
this method is easily affected by the harmonic component of the
system and leads to low accuracy of tracking.

To solve the above-mentioned problems, a sensorless field-
oriented vector control (FOC) based on an improved adaptive
SMO (IASMO) is proposed to achieve the high performance
for the SPMSM. First, an adaptive algorithm and sliding mode
current observer are integrated to estimate the error of back
EMF. Then, a back EMF observer is designed to observe the
rotor speed and position, which can reduce system chattering
originating from the excessive sliding mode coefficient in tra-
ditional ASMO. Finally, the proposed method can improve the
system accuracy with good characters, such as fast response,
little chattering, and good robustness; then, these performances
of the IASMO are verified by simulations and experiments.

II. SPMSM DRIVE MODEL

In the two-phase (α− β) stationary coordinate system, the
internal electrical structure of SPMSM can be composed of
winding resistance Rs, winding inductance Ls, back EMF es,
and phase voltagesus. Then, the block diagram of SPMSM drive
system is shown in Fig. 1.

Equivalent voltage equation in static coordinate system is
obtained as [30]

us = Rsis + Ls
d

dt
is + es (1)

where es = [eα, eβ ]
T , is = [iα, iβ ]

T , us = [uα, uβ ]
T ; iα, iβ ,

eα, eβ , and uα, uβ are the stator currents, back EMF signals,
and phase voltages for α− β axis, respectively. Thus, the state
equation of stator current is obtained as [28]{

d
dt iα = −Rs

Ls
iα + 1

Ls
uα − 1

Ls
eα

d
dt iβ = −Rs

Ls
iβ + 1

Ls
uβ − 1

Ls
eβ .

(2)

On the other hand, the back EMF equation can be expressed
as {

eα = −ωeψf sin θe
eβ = ωeψf cos θe

(3)

where ψf is the flux linkage of the SPMSM,θe is the electrical
rotor position, and ωe is the electrical angular speed.

III. DESIGN OF AN IASMO

A. Design of a New Sliding Mode Current Observer

According to the sliding mode variable structure theory, the
sliding mode function Sn is constructed as [28]

Sn =

[
Sα

Sβ

]
= ĩs + χ

∫ t

0

ĩsdτ (4)

where ĩs = [
îα − iα
îβ − iβ

]
Δ
= [

ĩα
ĩβ
], and îα and îβ are the estimated

currents of the α− β axis, respectively; ĩαand ĩβ represent
the error between estimated and actual stator current in the
stationary reference frame, respectively, andχ is a constant with
0 < χ < Rs

Ls
. The sliding mode function (4), which consists of

the stator current error and the integral of current error in a
sampling period, will suppress chattering when the sliding mode
surface is reached in the unit sampling period.

In order to further reduce the high-frequency chattering phe-
nomenon, the signum function and low-pass filter links are
replaced by the hyperbolic tangent function as follows:

H(x) =
eax − e−ax

eax + e−ax
(5)

which is smooth and continuous; a is a constant, which will
affect the thickness of boundary layer and the convergence rate
of the observer designed later. Obviously, the range of function
(5) is (−1, 1), while the signum function is either−1 or 1. Under
the same conditions, the larger the value of a, the smaller the
thickness of the boundary layer, and the faster the convergence
rate of (5).

According to (2), a new state equation of current observer
based on sliding mode can be constructed as{

d
dt îα = −Rs

Ls
îα + 1

Ls
uα − 1

Ls
êα − kα(t)

Ls
H(Sα)

d
dt îβ = −Rs

Ls
îβ + 1

Ls
uβ − 1

Ls
êβ − kβ(t)

Ls
H(Sβ)

(6)

where êα and êβ are the estimated back EMF signals of α− β
axes during rotor operation, and kα(t),kβ(t) are the α, β axes
adaptive gain of SMO, respectively. And the adaptive algorithm
is designed as follows:⎧⎪⎪⎨

⎪⎪⎩
k̇i(t) = K0 |Si| |Si| �= 0

ki(t) = K1|φ|
1
2 |Si| = 0

τ φ̇+ φ = H(Si)
i = α, β

(7)

where K0, τ is the positive constant, K1 is the gain value of
ki(tr) with ki(0) > 0, and tr is the reaching time when Si

reaches zero fromSi �= 0, and φ is the average of H(Si) [29].
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Let kn(t) = [kα(t), kβ(t)]
T , k̃n(t) = [K∗ − kα(t),K

∗ −
kβ(t)]

T , where K∗ is the positive constant and exists for

K∗ ≥ max(kα(t), kβ(t))∀t > 0. (8)

Remark 1: An adaptive algorithm based on sliding mode
motion is proposed to dynamically adjust the sliding mode
coefficient, which not only ensures the existence and stability of
the sliding surface, but also makes the system rapidly converge
to the sliding mode surface with small overshoot. Moreover, the
algorithm is simple and easy to implement.

By subtracting (2) from (6), the error equation of current state
is {

d
dt ĩα = −Rs

Ls
ĩα − 1

Ls
ẽα − kα(t)

Ls
H(Sα)

d
dt ĩβ = −Rs

Ls
ĩβ − 1

Ls
ẽβ − kβ(t)

Ls
H(Sβ)

(9)

where ẽα = êα − eα, ẽβ = êβ − eβ are error signals of the back
EMF.

Choosing the following Lyapunov function:

V =
1

2
ST
nSn +

1

2η
k̃T
n (t)k̃(t) (10)

with0 < η < K0Ls, and differentiating (10) yields

V̇ = SαṠα − 1

η
(K∗ − kα(t))k̇α(t)

+ SβṠβ − 1

η
(K∗ − kβ(t))k̇β(t). (11)

Defining notation{
V̇α = SαṠα − 1

η (K
∗ − kα(t))k̇α(t)

V̇β = SβṠβ − 1
η (K

∗ − kβ(t))k̇β(t).
(12)

Then, (11) becomes V̇ = V̇α + V̇β . Noting that V̇α and V̇β are
similar and have no coupling relationship, so only V̇α is analyzed
as follows.

From (4), (5), (7), and (9), the equation of V̇α is derived as

V̇α = SαṠα − 1

η
(K∗ − kα(t))k̇α(t)

=

(
χ− Rs

Ls

)
ĩαSα − Sα

Ls
(ẽα + kα(t)H(Sα))

− K0 |Sα|
η

(K∗ − kβ(t))

≤
(
χ− Rs

Ls

)
ĩαSα +

(
−Sαẽα

Ls
− |Sα|

Ls
K∗

)

+ |Sα| (K∗ − kβ(t))

(
1

Ls
− K0

η

)
. (13)

Based on (4), the first term of (13) yields(
χ− Ls

Rs

)
ĩαSα =

(
χ− Ls

Rs

)(
ĩαĩα + χĩα

∫ t

0

ĩαdτ

)
≤ 0.

(14)
Moreover, assumeK∗ > |ẽα|, the second term of (13) yields

−Sαẽα
Ls

− |Sα|
Ls

K∗ < 0. (15)

From (8) andη < K0Ls, the last term of (13) yields

|Sα| (K∗ − kβ(t))

(
1

Ls
− K0

η

)
≤ 0. (16)

So, (13) yields

V̇α ≤
(
χ− Rs

Ls

)
ĩαSα −

(
Sαẽα
Ls

+
|Sα|
Ls

K∗
)

+ |Sα| (K∗ − kβ(t))

(
1

Ls
− K0

η

)
≤ 0. (17)

Similarly, assumeK∗ > |ẽβ |, we can obtain

V̇β < 0. (18)

Therefore, when

K∗ > max{|ẽα|, |ẽβ |} (19)

from (17) and (18), we can get

V̇ = V̇α + V̇β < 0 (20)

which guarantees the reaching condition of the sliding mode.
Remark 2: Generally, in order to ensure the stability of SMO,

the gain of sliding mode is set relatively large, for example,
k > max{|eα|, |eβ |} in [28], which leads to large chattering.
In this research, only K∗ > max{|ẽα|, |ẽβ |} is needed, and the
value of sliding mode coefficients can adapt to the variations
of the sliding mode surface, which guarantees the stability of
sliding mode as well as reduces chattering.

Once the system reaches the sliding mode surface, i.e.,

Sn =

[
Sα

Sβ

]
= ĩs + χ

∫ t

0

ĩsdτ = 0

by the equivalent principle of sliding mode control, (9) can be
simplified as {

ẽα = (χLs −Rs)̃iα
ẽβ = (χLs −Rs)̃iβ .

(21)

Remark 3: Based on a new sliding mode current observer,
the proposed IASMO method is used to obtain the error of back
EMF instead of the estimated back EMF, which means that the
sliding mode gain coefficient is smaller and the chattering will
be further reduced.

B. Design of Back EMF Observer

Let ξ
Δ
= χLs −Rs, so (21) can be rewritten as{

ẽα = ξĩα
ẽβ = ξĩβ .

(22)

It can be seen from (22) that the error of back EMF in
stationary reference frame can be obtained by observing the
error of the currents.

Recalling (3), the derivative of back EMF is expressed as

d

dt
eα =

d

dt
(−ωeψf sinθe)

= −ψf sinθe
d

dt
ωe − (ωeψfcosθe)ωe. (23)
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Usually the sampling frequency of current is very high and the
change rate of speed is far less than that of current in the process
of rotor operation, so it can be considered that d

dtωe = 0 in a
sampling period. Then, (23) can be further expressed as{

d
dteα ≈ −ωeeβ
d
dteβ ≈ ωeeα.

(24)

According to (22) and (24), the observed equation of back
EMF can be reconstructed as⎧⎪⎨

⎪⎩
d
dt êα = −ω̂eêβ − lξĩα
d
dt êβ = ω̂eêα − lξĩβ
d
dt ω̂e = ẽαêβ − ẽβ êα

(25)

where parameter l is a positive constant, which determines the
convergence rate of the observer. By combining (22) and (25),
we obtain ⎧⎪⎨

⎪⎩
d
dt êα = −ω̂eêβ − lẽα
d
dt êβ = ω̂eêα − lẽβ
d
dt ω̂e = ẽαêβ − ẽβ êα.

(26)

Constructing a positive definite Lyapunov function as

V =
1

2
(ẽ2α + ẽ2β + ω̃2

e) (27)

and differentiating (27) yields

V̇ = ẽα
d

dt
ẽα + ẽβ

d

dt
ẽβ + ω̃e

d

dt
ω̃e

= −l (ẽ2α + ẽ2β
)
+ ω̂e

(
−ẽαêβ + ẽβ êα +

d

dt
ω̃e

)

+ ωe

(
ẽαeβ − ẽβeα − d

dt
ω̃e

)
. (28)

From (28), we obtain

V̇ = −l(ẽ2α + ẽ2β) ≤ 0. (29)

Based on the above proof, the back EMF observer (25) is
stable, and the stability of the observer is only related to the motor
parameters and has nothing to do with the external disturbances.
The estimated rotor speed can track the change of back EMF
signal when the system converges and maintains in a boundary
layer.

The IASMO will force êα, êβ to converge toeα, eβ , respec-
tively, and then quickly make ω̂e converge to ωe until error is
zero. Therefore, the IASMO can reduce the error caused by
chattering, and improve the accuracy of the rotor position.

According to (26), the estimated value ofêα,êβ , and ω̂e can
be obtained, so the rotor angle can be obtained directly by
integrating the angular velocity

θ̂e =

∫
ω̂edt. (30)

Remark 4: When the traditional arctangent function method
is used to estimate the rotor position, the high-frequency noise of
the system will be directly introduced into the division operation
of arctangent function, resulting in further enlargement of the

Fig. 2. Block diagram of sensorless vector control system under the IASMO
for SPMSM.

Fig. 3. Structural diagram of the IASMO.

TABLE I
MAIN PARAMETERS AND VALUES OF THE SPMSM

deviation. Also, the proposed method is different from the phase-
locked loop technique extracting rotor position by back EMF
signal, which may lead to complex calculation and low accuracy.
This method not only has advantages of simple design and less
computation, but also overcomes the disadvantage of arctangent
function which is more sensitive to high-frequency noise.

IV. SIMULATION AND EXPERIMENTAL ANALYSIS

A. Simulation Analysis

According to the analysis of the IASMO in the preceding sec-
tions, a simulation model of the sensorless control system under
the IASMO method for SPMSM is established as Fig. 2. Based
on the platform of MATLAB/Simulink, structural diagram of
the proposed IASMO with back EMF and velocity observer is
constructed as Fig. 3. The parameters of SPMSM in simulation
and experiment are shown in Table I as follows.

For comparision, the parameters of the current loop and the
speed loop under the IASMO and ASMO methods are the same,
and the simulation time is also consistent. For PI parameters
of the current regulator, the proportional gain Kp is 0.76 and
integral gain Ki is 1600. In traditional ASMO, the value of
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Fig. 4. Variation of rotor speed of system under the IASMO and ASMO when
the rotor is stepping up from 0 to 200 to 2000 r/min, respectively.

Fig. 5. Speed response of system under the IASMO and ASMO when the
disturbance is added suddenly, respectively.

Fig. 6. Speed response of system with the change of stator resistance under
the IASMO and ASMO, respectively.

sliding mode gainK is 240. IASMO and ASMO control methods
based on id = 0 vector control strategy are implemented to
SPMSM systems under different situations shown as Figs. 4–7,
respectively.

Fig. 4 shows the variation of rotor speed of system under the
IASMO and ASMO when the rotor speed steps up from 0 to 200
to 2000 r/min, respectively. It shows that the convergence time
under the ASMO is relatively short. And when the rotor speed
rises from 0 r/min to the given speed, the speed rotor of the
system under the IASMO converges rapidly without overshoot.
On the other hand, when the rotor speed reaches steady state,
the speed error of system under IASMO is about 0.12%, but
the speed error of the system under IASMO is about 0.25 %. In
addition, when the rotor encounters sudden change of velocity,

Fig. 7. Speed response of system with the change of winding inductance under
the IASMO and ASMO, respectively.

the adaptive sliding mode gain can dynamically adapt to the
variations of the rotor speed.

Accroding to the analysis of sliding mode control theory, the
capability of the antidisturbance of the system mainly depends
on the sliding mode gain. In other words, when the system
encounters disturbance, it can recover to the steady state quickly
by adaptively increasing the gain of sliding mode control. Fig. 5
shows the speed response of the system under the IASMO and
ASMO at 2000 r/min when the disturbance TL = 0.5N·m is
added suddenly at 0.05 s, respectively. It can be seen that the
recovery time is 2 and 4.5 ms by using the IASMO and ASMO,
respectively.

Although the SPMSM system based on ASMO has a certain
adaptive ability, the tracking performance of the rotors will be
correspondingly poor when the stator resistances and winding
inductances of the motor changes. In order to demonstrate the
adaptive ability of the IASMO under different applications, such
as the sudden the change of the stator inductances and winding
resistances, some simulations are carried out in Figs. 6 and 7.

Figs. 6 and 7 indicate the contrastive results under the IASMO
and ASMO when internal parameters of the SPMSM change, re-
spectively. It can be seen that the speed response of system under
the IASMO are almost independent of the internal parameters
of the motor, and the convergence speed is faster, which verified
the good adaptability and effectiveness of the proposed control
strategy. From Figs. 6 and 7, it is seen that the convergence time
decreases with increase of Ls when Rs is unchanged within a
certain range; conversely, the convergence time increases with
increase of Rs when Ls is unchanged.

By comparing the simulation results of the two methods, it
can be seen that sensorless control system under the IASMO not
only has the advantage over the traditional ASMO in tracking
characteristics, but also has good adaptability to multikinds
of loads and the rapid response to the rotor speed. Moreover,
owing to the adaptive performance of the sliding mode gain, the
chattering of the sliding mode control system under the IASMO
is smaller than that of the ASMO method.

B. Experimental Analysis

To further testify the performance of the IASMO, the ex-
perimental platform of the sensorless vector control system is
constructed as shown in Fig. 8 and the performance of the
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Fig. 8. Experimental platform of the sensorless vector control system.

proposed algorithm is analyzed. And in this study, the sensor-
less vector control strategy is implemented by using PAC5223
microprocessor which integrates a 32-b microcontroller unit
(MCU) of ARM Cortex-M0 with 50 MHz clock frequency.
Moreover, the MCU possesses abundant peripheral resources,
such as multiplex pulsewidth modulation (PWM) driver with
dead zone, high-speed analog-to-digital converter (ADC). The
SPMSM is driven by a conventional voltage-source inverter and
an integrated power module by means of space vector PWM
technique. Two-phase currents of stator windings (ia, ib) are
measured from the resistors and then sent to the MCU via two
ADCs. In addition, the direct current bus voltage in the inverter
is measured and sent to the ADC, which is essential to further
optimize the performance of the control system.

1) Start-Up Experiment: Fig. 9 represents the start-up pro-
cess of system under the traditional ASMO when the rotor rises
from static state to the given speed. The given speed of the motor
rotor is set to 200 r/min without load, and the value of sliding
mode gainK is 240. Fig. 9(a) represents the speed change when
the rotor speed steps from 0 to 200 r/min. And the top, middle,
and bottom waveform signals show the actual, estimation, and
error of the rotor speed, respectively. It takes 7.5 ms from 0 to
200 r/min and the steady-state speed error is 1.4 r/min. The three
oscillograms in Fig. 9(b) represent the actual value θe, estimated
value θ̂e, and error of rotor position θ̃e, respectively. It can be
seen that the rotor position of system under ASMO has certain
phase deviation.

Fig. 10 shows the same start-up experiment of system under
the IASMO as Fig. 9. Fig. 10(a) shows the start-up process
of system under the IASMO method when the rotor speed is
from 0 to 200 r/min. Fig. 10(b) shows the change of the rotor
position when the rotor speed increases from 0 to 200 r/min.
Compared with the experimental results from Fig. 9, when the
rotor rises from 0 to 200 r/min, the start-up time of system
under the IASMO is 5.2 ms, but the start-up time of system
under the traditional ASMO is 7.5 ms. In addition, the overshoot
of the rotor speed of system under the IASMO is less than that of

Fig. 9. Start-up process of system under the traditional ASMO. (a) Rotor
speed. (b) Rotor position.

the ASMO method. And the rotor position of the system under
the IASMO has almost no phase deviation. The experimental
result manifests that the IASMO is superior to the traditional
ASMO in starting performance.

2) Accelerated Experiment: In Figs. 11 and 12, some ex-
perimental results are given to manifest the acceleration perfor-
mance of the system under the ASMO and IASMO, respectively.
Fig. 11 shows the acceleration process of the system under the
traditional ASMO when the rotor speed changes suddenly from
200 to 2000 r/min. From top to bottom, Fig. 11(a) shows the
reference electrical angular velocity ωe, the actual electrical
angular velocity ω̂e, and the error of electrical angular velocity
ω̃e, respectively. It can be seen that the transition time of rotor
speed from 200 to 2000 r/min is about 325 ms, and the speed
error is about 8 r/min during this time. In Fig. 11(a) and (b), the
change time of the rotor position and back EMF are both about
325 ms when the rotor speed increases from 200 to 2000 r/min.
Moreover, the value of the back EMF will increase with the
increase of rotor speed.

Fig. 12 indicates the same accelerated experiment under the
IASMO as Fig. 11. These three waveforms represent the changes
of rotor speed, rotor position, and back EMF, respectively.
Compared with the experimental results in Fig. 11(a), Fig. 12(a)
shows that it only takes 200 ms for the rotor speed change
from 200 to 2000 r/min. Similarly, the change time of rotor
position is also 200 ms when the rotor speed changes from
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Fig. 10. Start-up process of system under IASMO. (a) Rotor speed. (b) Rotor
position.

200 to 2000 r/min. Obviously, the response speed of the system
under IASMO is increased by 38.5% comparing with ASMO
method. Furthermore, the response time of the back EMF under
the IASMO is about 225 ms instead of 325 ms under the
traditional ASMO. These comparative experiments further show
that system under the IASMO method has faster acceleration
performance than that of traditional ASMO.

3) Steady-State Experiment: Fig. 13 shows the steady-state
experiment waveforms under the traditional ASMO when the
motor rotor runs stably at 200 and 2000 r/min, respectively.
Fig. 13(a) and (b) shows the speed and position waveforms when
the rotor runs at middle speed of 200 r/min, respectively. And
Fig. 13(c) and (d) shows the speed and position waveforms when
the rotor runs at a high speed of 2000 r/min, respectively. As
shown in Fig. 13(a)–(d), when the rotor speed runs stably at 200
r/min, the speed error is about 2 r/min and the position error is
about 4.8°; when the rotor speed runs at 2000 r/min, the speed
error is about 7.8 r/min and the position error is about 6.7°.

By comparison, Fig. 14 shows the speed and position wave-
forms of the system under the IASMO when the rotor runs stably
at 200 and 2000 r/min, respectively. From Fig. 14(a) and (b),
when the rotor runs stably at 200 r/min, the speed error is about
1.5 r/min and the position error is about 3.2°. From Fig. 14(c) and
(d), when the rotor runs at a high speed of 2000 r/min, the rotor
speed and position errors are 5.6 r/min and 4.3°, respectively.

From Fig. 13(a) and (b) and Fig. 14(a) and (b), when the rotor
runs stably at a middle speed of 200 r/min, the speed fluctuation

Fig. 11. Acceleration process of system under the conventional ASMO when
the rotor is stepping up from 200 to 2000 r/min. (a) Rotor speed. (b) Rotor
position. (c) Estimated back EMF of α− β axis.

and system chattering under the IASMO are smaller than that of
traditional ASMO. Similarly, from Fig. 13(c) and (d) and Fig.
14(c) and (d), when the rotor runs at a high speed of 2000 r/min,
the speed fluctuation and system chattering under the IASMO are
also smaller than that of traditional ASMO. Further comparative
performance indexes on the two algorithms are shown in Table II.

According to the experimental data in Table II, it can be
concluded that the sensorless vector control technology system
under the IASMO has better performance than that of traditional
ASMO at middle and high speeds, such as chattering suppres-
sion, good adaptability, fast convergence speed, and stability.
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Fig. 12. Acceleration process of system under the IASMO when the rotor is
stepping up from 200 to 2000 r/min. (a) Rotor speed. (b) Rotor position. (c)
Estimated back EMF of α− β axis.

TABLE II
EXPERIMENT COMPARISON PERFORMANCES OF IASMO AND ASMO

Fig. 13. Steady-state waveforms of the system under the ASMO at 200 and
2000 r/min, respectively. (a) Rotor speed at 200 r/min. (b) Rotor position at
200 r/min. (c) Rotor speed at 2000 r/min. (d) Rotor position at 2000 r/min.
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Fig. 14. Steady-state waveforms of the system under IASMO at 200 and
2000 r/min, respectively. (a) Rotor speed at 200 r/min. (b) Rotor position at
200 r/min. (c) Rotor speed at 2000 r/min. (d) Rotor position at 2000 r/min.

Fig. 15. Rotor speed response at 2000 r/min in the case of sudden disturbance
load. (a) Rotor speed response of the system under IASMO. (b) Rotor speed
response of the system under ASMO.

4) Antidisturbance Experiment: In order to testify the an-
tidisturbance performance of system under the IASMO method
at high speed 2000 r/min, comparative experiments with two
cases (case 1: Sudden disturbance load; case 2: Change of
three-phase stator winding resistance) are implemented, and
shown in Figs. 15 and 16, respectively.

Fig. 15 shows the rotor speed response of the system under
the IASMO and ASMO method at high speed 2000 r/min
when the disturbance load TL = 0.5N ·m is suddenly added,
respectively. It can be seen from Fig. 15(a) that the recovery
time of the speed under the IASMO is 21.3 ms and the speed
drop is 12 r/min. However, Fig. 15(b) shows that the recovery
time under the ASMO method is 29 ms and the speed drop is
22 r/min.

Fig. 16 shows the rotor speed response and phase current of
the system under the IASMO and ASMO methods when the
motor winding is connected in series with a resistance of 0.2 Ω,
respectively. As shown in Fig. 16(a), the response time of the
system under the IASMO is 235 ms when the speed steps from
0 to 2000 r/min, but the response time in Fig. 16(b) is 400 ms.
Furthermore, Fig. 16(c) and (d) shows that the A-phase current
waveforms of the system under the IASMO are more stable than
that of the ASMO. From Figs. 15 and 16, it can be concluded
that the proposed IASMO method has better antidisturbance
performance than the ASMO method.
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Fig. 16. Rotor speed response and phase current in case of the change of three-
phase stator winding resistance. (a) Rotor speed of the system under IASMO.
(b) Rotor speed of the system under ASMO. (c) A-phase current (1 A/div) of
the system under IASMO. (d) A-phase current (1 A/div) of the system under
ASMO.

V. CONCLUSION

This article proposes a sensorless FOC strategy based on an
IASMO algorithm for the SPMSM rotor. First, this article pro-
poses an IASMO based on a new sliding mode current observer,
which estimates the error of back EMF instead of the value of
the back EMF used by state-of-the-art ones, and it is different
from the traditional sliding mode current observer. Second, an
adaptive gain algorithm is proposed to dynamically adjust the
sliding mode coefficient, which can make the system rapidly
converge to the sliding mode surface with small overshoot
phenomenon. Meanwhile, the algorithm is simple and feasible.
Third, the back EMF observer can obtain the speed of the rotor
directly by the error of the back EMF, and then get the position
of the rotor by integral operation. Moreover, the stability of the
IASMO and back EMF observer is proved by the Lyapunov
method. Finally, start-up experiment, accelerated experiment,
steady-state experiment, and antidisturbance experiment are
implemented to show the effectiveness of the proposed strategy.
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