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Abstract—This paper proposes a novel sliding-mode observer
(SMO) to achieve the sensorless control of permanent-magnet
synchronous motor (PMSM). An observer is built according to the
back electromotive force (EMF) model after the back EMF equivalent signal is obtained. In this way, not only are low-pass filter and
phase compensation module eliminated, but also estimation accuracy is improved. Numerical simulations and experiments with an
11-kW low-speed PMSM are carried out. The results demonstrate
that the novel SMO can effectively estimate rotor position and
speed and achieve good static and dynamic performance.
Index Terms—Back electromotive force (EMF), permanentmagnet synchronous motor (PMSM), sensorless, sliding-mode
observer (SMO).

I. I NTRODUCTION

P

ERMANENT-MAGNET synchronous motor (PMSM) has
been widely used in various fields due to its high power
density, high efficiency, and simple structure. As an important
application of PMSM, the motion control requires not only the
accurate knowledge of rotor position for field orientation but
also the information of rotor speed for closed-loop control; thus,
position transducers such as an optical encoder and a resolver
are needed to be installed on the shaft [1], [2]. However, the
installation of a position transducer will result in greater cost
and bigger size of drives and limit the application of PMSM
in a relatively harsh environment [3]. Nowadays, digital signal
processors (DSPs) have become more attractive as they allow
the implementation of complex control strategies [4]–[10],
which made the sensorless control technique of PMSM become
possible.
Currently, the sensorless control technology can mainly be
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server [11]–[18] and the high-frequency injection method using
the salient effect of motor [19]–[24]. Model reference adaptive method [13]–[15] and extended Kalman filtering method
[16]–[18] belong to the scope of method based on observer.
The estimation method based on observer relies on the accuracy of the motor model to some extent, which affects the
estimation performance. In [25], online parameter identification is adopted to improve the accuracy of the position estimation. The high-frequency injection method is independent
of the motor model, but the high-frequency injection signal
will bring high-frequency noise which leads to system performance degradation. Given the aforementioned circumstances,
the sliding-mode observer (SMO) is widely used because
of its simple algorithm and robustness, which makes up for
the dependence of the observer on the model to a certain
extent [26]–[31].
The SMO maintains good robustness of variable structure
control [32]–[34]. The control loop in an ordinary observer is
replaced by a sliding-mode variable structure [35], [36], and
when the system error reaches the sliding mode, the system
dynamic performance entirely depends on the sliding surface,
which ensures good robustness of the entire system to parameter variations [37], [38]. Due to the discrete switch control in
the SMO, chattering becomes the inherent characteristic of the
sliding-mode variable structure system. As chattering cannot be
completely eliminated but only reduced, in the design of the
system, there should be a tradeoff between chattering reduction
and system robustness. For the traditional SMO, the switch
function is used as the control function. Due to switch time and
space lag, the SMO presents serious chattering [39], [40]. The
estimated signal of the SMO contains high-frequency oscillation components, so one or several low-pass filters are usually
used to extract the required back electromotive force (EMF)
signal. However, the introduction of low-pass filters usually
causes phase delay, which should be compensated for according
to the actual angular frequency. Thus, this cannot meet the
control requirements of high-performance applications. In [41],
an adaptive filter is proposed, which still fails to completely
compensate for phase delay. In [42], two cascaded SMOs are
used, but multiple low-pass filters increase the phase delay.
To solve the aforementioned problems, a new SMO is proposed to achieve the sensorless control of PMSM. Its advantages can be listed as follows. The conventional switch function
is replaced by the sigmoid function to reduce system chattering;
an observer is constructed according to the back EMF model
to extract the back EMF signal, thus improving the effect of
estimation.
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II. M ATHEMATICAL M ODEL OF PMSM

The stability condition of the SMO is as follows:

The PMSM model in the stationary reference frame (α, β) is
shown as follows:
⎧  di 
Ls dtα = −Rs iα − eα + uα
⎪
⎪
⎪
⎨  diβ
Ls dt = −Rs iβ − eβ + uβ
(1)
⎪
⎪
eα = −ψf ωr sin θ
⎪
⎩
eβ = ψf ωr cos θ
where iα , iβ , uα , uβ , and eα , eβ are the phase currents, phase
voltages, and back EMF in the stationary reference frame,
respectively, Rs is the stator phase resistance, Ls is the stator
phase inductance, ψf is the flux linkage of the permanent
magnet, ωr is the electrical angular velocity, and θ is the
electrical rotor position.
It can be seen from the back EMF function in (1) that the
back EMF signal contains the information of rotor speed and
position. Therefore, after the back EMF signal is estimated by
using the observer, the information of rotor speed and position
can be obtained.
III. D ESIGN OF SMO
A. Improved Current Observer
Based on the sliding-mode variable structure theory, the
sliding surface is selected as
S(X) = îs − is = 0

(2)

where îs = [îα îβ ]T is the estimated current value and is =
[iα iβ ]T is the actual measure value.
By using the mathematical model of PMSM in the stationary
(α, β) reference frame, the SMO is shown as follows:
⎧ 
⎨ Ls dîα = −Rs îα + uα − ksgn(îα − iα )
 dt
(3)
⎩ Ls dîβ = −Rs îβ + uβ − ksgn(îβ − iβ )
dt
where k is a constant observer gain, sgn(x) is the sign function,
and (3) is the conventional SMO. In order to reduce the chattering phenomenon, the sign function is replaced by a continuous
function, i.e., the sigmoid function, which is defined as
F (x) =

2
−1
(1 + e−ax )

(7)

The error equation is obtained by subtracting (1) from (5) as
⎧
⎨ Ls dSα (X) = −Rs Sα (X) + eα − kF (îα − iα )
dt
(8)
⎩ Ls dSβ (X) = −Rs Sβ (X) + eβ − kF (îβ − iβ )
dt
where
S(X) =

Sα (X)
îα − iα
.
=
Sβ (X)
îβ − iβ

Through the above derivation, the stability condition can be
expressed as
V̇ = S(X)T Ṡ(X) = S α Ṡ α + S β Ṡ β
=

1
(îα − iα )eα − k(îα − iα )F (îα − iα )
Ls
+

1
(îβ − iβ )eβ − k(îβ − iβ )F (îβ − iβ )
Ls

−

Rs
(îα − iα )2 + (îβ − iβ )2 ≤ 0.
Ls

As a result
k > max (|eα ||eβ |) .

(9)

Therefore, k, which is large enough, can ensure both the
existence of sliding motion and the asymptotical stability of
sliding motion in the global scope. Once the system reaches
the sliding surface, then
Ṡ(X) = S(X) = 0.

(10)

Based on the equivalent control method, substituting the
above equation into (8) yields
eα = kF (îα − iα )
eβ = kF (îβ − iβ ).

(11)

B. Rotor Position and Speed Estimate

In order to verify the stability of the aforementioned SMO,
the Lyapunov function is selected as
1
S(X)T S(X).
2

V̇ = S(X)T Ṡ(X) ≤ 0.

(4)

where a is the adjustable parameter. Then, the SMO can be
rewritten as
⎧ 
⎨ Ls dîα = −Rs îα + uα − kF (îα − iα )
 dt
(5)
⎩ Ls dîβ = −Rs îβ + uβ − kF (îβ − iβ ).
dt

V =

711

(6)

The equivalent back EMF can be obtained through the aforementioned SMO, but the signal still contains high-frequency
components and cannot be directly used to calculate rotor position and speed. In the traditional SMO, a first-order low-pass
filter is commonly used for filtering, thus causing phase delay
which is related to its own cutoff frequency and the angular
frequency of the input signal. To completely compensate for the
phase delay, the real-time angular velocity information must be
used, and due to the estimated value of angular velocity, the
effect of compensation will be affected. Therefore, in order to
avoid the use of the low-pass filter and phase compensation part,
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based on the back EMF model, this paper constructs an observer
to extract the back EMF signal so as to estimate rotor position
and speed.
Because the change rate of motor angular velocity is far less
than that of stator current, assuming ω̇r = 0, then the back EMF
model of PMSM can be expressed as
deα
= − ω r eβ
dt
deβ
= ω r eα .
dt

(12)

Based on the above equations, a back EMF observer is
constructed
⎧
dêα
⎪
⎨ dt = −ω̂r êβ − l(êα − eα )
dêβ
(13)
dt = ω̂r êα − l(êβ − eβ )
⎪
⎩ dω̂r = (ê − e )ê − (ê − e )ê
α
α β
β
β α
dt
where l is the observer gain, whose value is greater than zero.
By subtracting (12) from (13) and doing further consolidation, the error equation of the observer is obtained as
⎧ dẽα
⎨ dt = −ω̃r êβ − ωr ẽβ − lẽα
dẽβ
(14)
dt = ω̃r êα + ωr ẽα − lẽβ
⎩ dω̃
r
dt = ẽα êβ − ẽβ êα
where ẽα = êα − eα , ẽβ = êβ − eβ , and ω̃r = ω̂r − ωr .
To prove the stability of (13), the Lyapunov function is
defined as

ẽ2α + ẽ2β + ω̃r2
.
(15)
V =
2

Fig. 1. Block diagram of sensorless vector control of PMSM. (a) Overall
block diagram of the proposed system. (b) Block diagram of the new SMO.
TABLE I
PARAMETERS OF THE M OTOR

Differentiating the above equation yields
V̇ = ẽα ẽ˙ α + ẽβ ẽ˙β + ω̃r ω̃˙ r .
Substituting (14) into the above equation yields


V̇ = −l ẽ2α + ẽ2β ≤ 0.

(16)

(17)

It can be seen from the above equation that the back EMF
observer is asymptotically stable. Therefore, by using the back
EMF signal obtained from the observer and the relationship
between the back EMF and the rotor position, the position
signal is estimated as
 
êα
.
(18)
θ̂ = − arctan
êβ
Moreover, the estimated value of speed can be directly obtained by integral operation in the observer.
According to the analysis of the aspects mentioned earlier,
the control diagram of the sensorless control of PMSM is shown
in Fig. 1, among which Fig. 1(a) is the overall block diagram
and Fig. 1(b) is the structure diagram of the new SMO. In Fig. 1,
it should be noted that the input of the SMO is the given motor
voltage, which is restored by using the actual measurement of
dc bus voltage and the duty cycle calculated from the space

vector modulation module, whereas the given voltages of the
current loop output u∗α and u∗β are not used. The use of uα and
uβ can partially eliminate the dead time effect of the inverter;
thus, more accurate actual given motor voltage can be obtained
to further improve the estimation accuracy of rotor position
and speed.
IV. S IMULATION AND E XPERIMENTAL R ESULTS
A. Simulation Results
In order to verify the validity of the new SMO, the proposed system from Fig. 1 has been implemented in the
Matlab/Simulink programming environment. The id = 0 control mode is carried out on a PMSM with the parameters listed
in Table I.
Figs. 2–4 show the three sets of simulation waveforms when
the reference speed is a step signal. In the simulation, the
reference speed is changed from 15 to 100 r/min, and the load
torque is 100 N · m.
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Fig. 2. Simulation waveforms obtained by the conventional method using sign
function. (a) Estimated back EMF. (b) Actual and estimated speeds. (c) Actual
rotor position, estimated rotor position, and estimated error.

Fig. 3. Simulation waveforms obtained by the conventional method using a
sigmoid function. (a) Estimated back EMF. (b) Actual and estimated speeds.
(c) Actual rotor position, estimated rotor position, and estimated error.
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Fig. 4. Simulation waveforms obtained by the new SMO. (a) Estimated back
EMF. (b) Actual and estimated speeds. (c) Actual rotor position, estimated rotor
position, and estimated error.

Fig. 2 displays the simulation waveform obtained by the
conventional method using a sign function. Fig. 3 gives the
waveform obtained by the conventional method using a sigmoid
function. Fig. 4 shows the simulation waveform obtained by the
method proposed in this paper.
It can be seen from Figs. 2 and 3 that the chattering phenomenon is reduced when the sign function is replaced by a
sigmoid function. However, both methods still use the lowpass filter and phase compensation part, and therefore, the rotor
position estimation accuracy is not high. It can be seen from
Fig. 4 that the chattering phenomenon of the estimated rotor
position and speed is reduced, and the accuracy of rotor position
estimation is improved to some extent.
Fig. 5 shows the estimation performance of the proposed
method when the parameters of PMSM vary. In the simulation,
the reference speed is 30 r/min, and the load torque is 100 N · m.
It can be seen from Fig. 5 that, when the resistance or the
inductance of the motor changes, the estimated speed can still
converge to the actual value, which verifies the robustness of
the proposed approach.
Figs. 6 and 7 show the simulation waveforms when the
parameter l in the back EMF observer is set as different values.
In the simulation, the reference speed steps up from 15 to
100 r/min, and the load torque is 100 N · m.
As can be seen from Fig. 7, the variation of l has little effect
on the estimation of rotor position, and when l increases, the
convergence rate of the estimated speed declines.
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Fig. 5. Simulation waveforms when the parameters of PMSM are changed.
(a) Waveforms when the resistance is changed. (b) Waveforms when the
inductance is changed.

Fig. 7. Simulation waveforms when l = 300. (a) Estimated back EMF.
(b) Actual and estimated speeds. (c) Actual rotor position, estimated rotor
position, and estimated error.

Fig. 6. Simulation waveforms when l = 100. (a) Estimated back EMF.
(b) Actual and estimated speeds. (c) Actual rotor position, estimated rotor
position, and estimated error.

Fig. 8 shows the simulation waveforms when the motor
is in positive and negative revolution. In the simulation, the
reference speed is changed from +15 to −15 r/min, and the
load torque is 100 N · m. As can be seen from Fig. 8, when
the reference speed is changed from +15 to −15 r/min, the
new SMO can effectively obtain the estimated rotor position
and speed.

Fig. 8. Simulation waveforms when the reference speed is changed from
+15 to −15 r/min. (a) Estimated back EMF. (b) Actual and estimated speeds.
(c) Actual rotor position, estimated rotor position, and estimated error.
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Fig. 9. Operating waveforms obtained by the conventional method using the sign function. (a) From top to bottom are the actual rotor position, estimated rotor
position, and estimated error (67.8 ◦ /div), respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF (85 V/div), and
the actual and the estimated speed (30 r/min/div), respectively.

Fig. 10. Operating waveforms obtained by the conventional method using a sigmoid function. (a) From top to bottom are the actual rotor position, estimated
rotor position, and estimated error (67.8 ◦ /div), respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF
(85 V/div), and the actual and the estimated speed (30 r/min/div), respectively.

B. Experimental Results
To further verify the performance of the new SMO for estimating rotor position and speed, in this paper, the vector control
platform of PMSM based on a SMO is constructed by using a
set of PMSM and generator. A floating-point TMS320F28335
DSP is employed as the digital controller, the space vector modulation algorithm is used as modulation strategy, the switching
frequency is 5 kHz, and the sampling period of the control
system is set as 120 μs. The motor parameters are given
in Table I.
1) Comparison Between the Traditional Method and the
Proposed Method: Figs. 9–11 show the waveforms when the
PMSM is running with load and the reference speed steps up
from 15 to 100 r/min. Fig. 9 shows the waveforms when the
conventional method based on the sign function and low-pass
filter is adopted.

As can be seen from Fig. 9, due to the use of the sign
function, the chattering of the estimated rotor position and
speed obtained by the traditional method is significant.
Fig. 10 shows the waveforms when the method based on
the sigmoid function and low-pass filter is used, and Fig. 11
shows the waveforms when the new SMO is adopted. It can be
seen from Fig. 10 that the chattering is reduced when the sign
function is replaced by the sigmoid function, but the chattering
of the estimated speed cannot be neglected when the PMSM is
running at 100 r/min. As can be seen from Fig. 11, compared
with the aforementioned two methods, the waveforms of the
estimated rotor position and speed obtained by the new SMO
are smooth, and the chattering is reduced. In addition, the
estimated back EMF waveforms obtained by the three methods
are not the ideal sinusoidal waveform, which is due to the
design of the motor itself.
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Fig. 11. Operating waveforms obtained by the new SMO. (a) From top to bottom are the actual rotor position, estimated rotor position, and estimated error
(67.8 ◦ /div), respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF (85 V/div), and the actual and the estimated
speed (30 r/min/div), respectively.

Fig. 12. Operating waveforms when resistors are in series with the three-phase stator windings. (a) From top to bottom are the actual rotor position, estimated
rotor position, and estimated error (67.8 ◦ /div), respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF
(85 V/div), and the actual and the estimated speed (30 r/min/div), respectively.

2) Performance of the New SMO With Changing Parameters: In order to discuss the performance of the new SMO, the
related experiments with changing parameters are conducted.
Fig. 12 shows the waveforms when some 2-Ω resistors are
connected in series with the three-phase stator windings, the
reference speed steps up from 15 to 100 r/min, and the PMSM
is running with load.
It can be seen from Fig. 12 that, when the parameters of
the motor are changed, the new SMO is still able to obtain the
estimated rotor position and speed accurately. Therefore, the
robustness of the proposed method can be proved.
Figs. 13 and 14 show the experimental waveforms when l is
set to be different values. The reference speed steps up from
15 to 100 r/min, and the PMSM is running with load. It can be

seen from the aforementioned two sets of waveforms that the
estimated rotor position is not greatly affected when l changes,
but the convergence rate of the estimated speed is reduced when
l becomes larger.
3) Performance of the New SMO in Positive and Negative
Revolution: To further verify the performance of the new SMO,
the positive and negative revolution experiment is carried out.
Fig. 15 shows the experimental waveforms, where the reference
speed is changed from +15 to −15 r/min and the PMSM is
running with load.
It can be seen from Fig. 15 that, when the reference speed is
changed from +15 to −15 r/min, the estimated rotor position
and speed obtained by the new SMO can accurately converge
to their actual values.
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Fig. 13. Operating waveforms when l = 100. (a) From top to bottom are the actual rotor position, estimated rotor position, and estimated error (67.8 ◦ /div),
respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF (85 V/div), and the actual and the estimated speed
(30 r/min/div), respectively.

Fig. 14. Operating waveforms when l = 300. (a) From top to bottom are the actual rotor position, estimated rotor position, and estimated error (67.8 ◦ /div),
respectively. (b) From top to bottom are the A-phase stator current (4.5 A/div), the estimated back EMF (85 V/div), and the actual and the estimated speed
(30 r/min/div), respectively.

Fig. 15. Operating waveforms when the reference speed is changed from +15 to −15 r/min. (a) From top to bottom are the actual rotor position, estimated rotor
position, and estimated error (67.8 ◦ /div), respectively. (b) From top to bottom are the A-phase stator current (3.8 A/div), the estimated back EMF (13 V/div), and
the actual and the estimated speed (8.5 r/min/div), respectively.
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V. C ONCLUSION
In this paper, the SMO is used to estimate the rotor position
and speed of the PMSM due to its strong robustness, the sign
function is replaced by the sigmoid function to reduce system
chattering, and the traditional SMO is improved. The back EMF
observer is constructed to extract the back EMF signal, which
improves the estimation accuracy of rotor position and speed.
Simulation and experimental results validate the feasibility and
effectiveness of the new SMO for estimating the rotor position
and speed of the PMSM. Compared with the traditional SMO,
the new SMO has not only relatively simple structure but also
better estimation performance.
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