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In order to reduce the chattering caused by the discontinuity of the control function in the
traditional sliding mode observer (SMO), this article proposes a sliding mode observer with
phase-locked loop (PLL) to estimate the speed and position of the rotor. The back
electromotive force (EMF) of a permanent magnet synchronous motor (PMSM) in a static
coordinate system is accurately estimated by SMO, and then, PLL is constructed to
combine the observed rotor position angle and back EMF to compensate the phase lag in
angle estimation so as to obtain a more accurate speed. It solves the problems of poor
robustness and complex algorithms in the traditional SMO prediction algorithm. The
simulation results show that the SMO with PLL can effectively reduce the system chattering
and effectively improve the accuracy of rotor speed and position estimation.

Keywords: permanent magnet synchronous motor (PMSM), sliding mode observer (SMO), phase-locked loop (PLL),
speed and position estimation, sensorless control

1 INTRODUCTION

Since electric drives for propulsion can eliminate the need for shafts and gearing while increasing
vehicle stealth and power system flexibility, there has been a large number of advances on permanent
magnet synchronous motors (PMSMs) for vehicle propulsion in power semiconductors, magnetic
materials, and energy storage systems (Liu et al., 2018; Nguyen et al., 2018; Cui et al., 2020; Liu et al.,
2021; Zhang et al.,, 2021; Fu et al., 2022). Novel propulsion configurations are pushing the need for
the PMSM to operate at the location where torque is required, which in many propulsion systems is a
harsh environment due to severe moisture, humidity, vibration, or temperature. In order to achieve
accurate, fast, and small overshoot control of PMSM, the key part is to determine the position
information and speed of the rotor magnetic pole. Generally speaking, mechanical sensors are
installed to collect the specific parameter information of the signal through the photoelectric encoder
and other sensors (Bourogaoui et al., 2017; Cao et al.,, 2020; Xu et al,, 2021; Xiong et al., 2022).
However, these sensors require the additional mounting space, increase the cost, and reduce the
system reliability in environmental constraint. Hence, the sensorless methods have been developed to
simplify the structure and reduce the manufacturing cost of the motor.

Currently, a lot of research has been done on the speed sensorless control of PMSM. In a
sensorless permanent magnet synchronous motor, we extract the parameters related to speed and
position from the stator voltage and current, which are easy to measure at the stator edge, to replace
the mechanical sensor, and to realize the motor closed-loop control (Xiong et al., 2016a; Xiong et al.,
2016b; Yi et al, 2020). At present, the sensorless control technology of a permanent magnet
synchronous motor is mainly divided into three categories: high-frequency signal injection method

Frontiers in Energy Research | www.frontiersin.org 1

February 2022 | Volume 10 | Article 839329


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.839329&domain=pdf&date_stamp=2022-02-04
https://www.frontiersin.org/articles/10.3389/fenrg.2022.839329/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.839329/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.839329/full
http://creativecommons.org/licenses/by/4.0/
mailto:lvyunling@stu.xaut.edu.cn
https://doi.org/10.3389/fenrg.2022.839329
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.839329

Liu et al.

(Li and Wang, 2018; Xiong et al., 2020; Yu et al,, 2021), motor
model method (Chen and Pi, 2016; Zhong and Lin, 2017; Luo
et al,, 2019; Sun et al,, 2019; He et al.,, 2020; Rongyn et al., 2020),
and intelligent algorithm (Urbanski and Janiszewski, 2019; Lu
etal., 2020; Ma et al., 2020). Since high-frequency signal injection
methods may affect the current signal and many artificial
intelligence methods are still in the stage of simulation and
theoretical exploration, motor model-based methods are
widely used and they have received considerable research
attention in the past few years.

The sliding mode observer (SMO) method is one of the
algorithms based on the motor model. Compared with other
methods, the SMO method is not sensitive to system parameter
changes and external disturbances, so it has attracted extensive
attention of experts and scholars, see Jin et al. (2014), Lin et al.
(2014), Li et al. (2015), Zhang et al. (2016), Zhang et al. (2019),
and Hu et al. (2020) and references therein. Due to the inertia of
traditional SMO, the equivalent back EMF value observed by
SMO contains high-frequency components, and the estimated
value has the problem of chattering, which affects the application
of traditional SMO in high-precision occasions, and the angle
compensation after low-pass filtering also affects the observation
accuracy in practical applications. Aiming at the chattering
problem in the estimation of traditional SMO, a rotor position
identification method of PLL is proposed based on the effective
flux model (Zheng et al., 2015; Zhan et al., 2020; Zhao et al., 2020).
The comparison link between the actual rotor position and the
estimated rotor position of this method is equivalent to the phase
detector in the phase-locked loop model. The one-time
integration from the speed to the rotor position is equivalent
to the voltage-controlled oscillation in the phase-locked loop
model. The speed of the motor is adjusted through the error
between the system input signal and the output signal.

This article focuses on eliminating the chattering
phenomenon of traditional SMO in estimating rotor position
and speed. Distinguished from traditional SMO, a sensorless
control of the permanent magnet synchronous motor based
on SMO with PLL has been designed to improve the accuracy
of rotor speed and position estimation. Compared with the
literature (Li and Wang, 2018; Yi et al., 2020; Yu et al., 2021),
the main contributions of this article can be outlined as follows:

(1) The system and measurement have been modeled to
formulate the state estimation problem for PMSM. The
research of this problem has great significance for
establishing an accurate PMSM mathematical model and
selecting which algorithm to estimate the speed and position
of the motor rotor in the next step.

(2) We propose an estimation scheme to weaken chattering. The
function of the PLL controller is to adjust 6, = 0 to determine
the difference between the estimated position 6 and the actual
rotor position 6. It weakens the influence of natural
chattering and improves the robustness of position and
speed estimation.

(3) The simulated comparison between the proposed method
and the traditional SMO shows that the proposed method
can effectively suppress the jitter of the traditional SMO, and
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FIGURE 1 | Coordinates of PMSM.

the phase-locked loop is used to track the rotor speed and
position, which effectively improves the estimation accuracy,
and proves the correctness and feasibility of the proposed
method.

The rest of this article is organized as follows: in Section 2, we
present the mathematical model of PMSM. In Section 3, we
analyze the principle of the SMO with the PLL control scheme
and present main results. A simulation result is used to verify the
proposed method in Section 4. Finally, Section 5 concludes this
article.

2 MATHEMATICAL MODEL OF THE
PERMANENT MAGNET SYNCHRONOUS
MOTOR

PMSM is a multivariable, strong-coupling, and nonlinear system.
It needs to be simplified in mathematical modeling. Now, the
following idealized assumptions are made:

(1) Idealization of the air gap magnetic field: the magnetic field
generated by a permanent magnet and three-phase winding
is sinusoidal in the air gap, regardless of the end effect and the
influence of primary cogging on the magnetic field.

(2) Idealization of the magnetic circuit: the magnetic circuit is
linear without considering magnetic leakage, hysteresis, and
eddy current.

(3) Idealization of motor parameters: the parameters of the
motor remain constant and do not change with the
working state of the motor and the external environment.
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Through the above assumptions, in order to simplify the
mathematical model of PMSM and realize sensorless closed-
loop control, correlation transformation must be carried out.
Before transformation, the coordinate systems used in the PMSM
control principle include the ABC three-phase coordinate system,
the a8 two-phase stationary coordinate system, and the dq two-
phase rotating coordinate system (Kawabata et al., 2014). The
specific positional relationship of the three-coordinate systems is
shown in Figure 1. 0 is the electrical angle between the rotor shaft
(d-axis) and the stator shaft (a-axis), and w is the
synchronous speed.

The voltage equation of PMSM in the «ff axis rotating
coordinate system is as follows:

MIZ:RSI‘D(+%;
(1)

ug = R +d%

g = Reig + ——.

dt

where 1, and ug are the voltages of the & and 3 axes, respectively;
iy and ig are the currents of the « and f3 axes, respectively; y,, and
yp are the fluxes of the a and f3 axes, respectively; and R; is the
stator resistance.

The flux linkage equation is

{ ¥, = Liq + ¥, cos 0; 2

¥ = Lig + y ,sin 6.

where L, and Lg are the inductances of the a and f axes,
respectively, in the surface-mounted PMSM, L, = Lg = L. yyis
the rotor flux, and 6 is the rotor position.

Combining Eqs 1, 2, we can obtain that

Riig+ Mo _ g, 4 Ba 4088 g% in 6
Uy = Rslg + —— = Rl 5 — = Kl — —w sin 0;
dt ar "V ar ar _“Vrsmno

. dy, _ o di dsinf . di
uﬁ:RSlﬁ+7f:R51ﬁ+L?f+Wf it :Rslﬁ+L?f+wwaOSG.

®3)

where w is the rotor angular speed, % = w.
Arranging Formula 3, we obtain

di, 1 1 : R, .
Eziua+iw1//fsm9—fza; \
dig 1 _1 g R, N
dt L B Lwl//fCOS I 1g.
when
e, = -V wsin0;
{ eg = w;//c{) cos 0. )

The PMSM mathematical model of Eq. 4 can be written as

di, u,—-e, R,.
4L 1L
dip _ug=¢es R,
L L

(6)

where e, and eg are the back electromotive forces (EMFs) of the «
and f axes, respectively. It can be seen from Eq. 5 that the back
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EMFs e, and eg contain all the information of rotor position.
Therefore, only by accurately obtaining the back EMF, the speed
and position information of the motor be calculated.

3 PERMANENT MAGNET SYNCHRONOUS
MOTORVECTOR CONTROL BASED ON
THE SLIDING MODE OBSERVER AND
PHASE-LOCKED LOOP

Through the derivation of the mathematical model, we can see
that the back EMF of PMSM has the sinusoidal waveform and
cosine waveform, which contains the rotation angle, speed, and
flux linkage information of the motor. It can be seen from Eq. 5
that the phase of the back EMF is related to the rotation angle of
the motor, and the amplitude of the back EMF is related to the
speed of the motor. The position and speed of the rotor can be
obtained as

e
0 = —arctan—;
s

m (7)

Vs

w =

In this article, the sliding mode observer (SMO) is used to
estimate the back EMF of the motor. The basic principle is to
estimate the back EMF e,, eg of the PMSM by using the SMO,
then filter the high-frequency harmonics through the low-pass
filter to obtain é,,ég, and then estimate the rotor speed w and
position 6 of the motor by using the phase-locked loop (PLL)
technology.

3.1 The Principle of the Sliding Mode

Observer

Synovial variable structure control is a nonlinear control based
on the control switching rule. Through the mutual switching
between different control states, the current state quantity of the
system moves according to the set state trajectory so that the
actual operation state of the system is infinitely close to the
expected value. The biggest difference between sliding mode
variable structure control and conventional control is that the
sliding mode control is discontinuous, that is, a switching
intermittent control in which the system structure changes
with time. By switching between different controls, the
current state of the system moves according to the
predetermined “sliding mode” state trajectory so that the
system reaches the desired point so as to realize the control
of the system. Because this sliding mode is independent of the
system parameters and disturbances, the system has good
robustness.

Let the general nonlinear system be expressed as

x=f(xut) (8)

where x € R", u € R™ are the state and control variables of the
system, respectively.
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s>0

s <0

FIGURE 2 | Synovial hypersurface division.

If there is a hypersurface s(x) = s (x1, x2, ..., xn) = 0 and the
system space is divided into two parts with s = 0 as the boundary,
namely, s > 0 part and s < 0 part, then there are three motions A,
B, and C as shown above in this region, as shown in Figure 2.

Among them, C motion cases have a special significance for
sliding model control. If all moving points in an area on the
switching surface are similar to C, that is, once the moving point
approaches this area, it will approach and finally stabilize in this
area. At this time, the region where all motion points on the
switching surface s = 0 is called the “sliding mode region,” and the
motion of the system in the sliding mode region is called the
“sliding mode motion”. Therefore, when the termination point
reaches the adjacent area of the switching surface s = 0, there
must be

limsﬂoﬁ‘ $< 07
{ lim, o §>0. ©)
The above formula can also be written as
lim ss<0. (10)

s—0

To determine the sliding mode, it is necessary to determine
whether the switching function s(x), s € R™-u(x) is the control
function of the system, and its value changes with the value of
5(x); the change relationship is as follows

Y= {u* (x),

u (x),

s(x)>0 an
s(x)<0

Among them, u"(x) # u™(x). It can be seen from Eq. 11 that in
order to determine the control function, the switching function
must be obtained. If the transformation mode of u(x) is different,
the structure of the system will also change. However, no matter
how the system structure changes, the following three conditions
must be met before the system has the characteristics of the
synovial variable structure control:

(1) Existence: the switching function u(x) exists and the state
trajectory can run on the synovial surface to reach the
equilibrium point; Eq. 11 must be satisfied.

(2) Accessibility: all moving points outside the sliding mode
surface s(x) will reach the sliding mode surface in a
finite time.

SMO-Based Sensorless Control

(3) Stability: ensure the stability of synovial movement; the
conditions”$ <0 must be satisfied.

3.2 Design of the Sliding Mode Observer

The motion of the synovial variable structure control system is
divided into two processes. The first process is that the system
moves from any direction to the switching surface until it moves
to the switching surface; for this process, s # 0. The second process
is to make the system enter the switching surface and move along
the switching surface. Therefore, the task of designing synovial
variable structure control is also divided into two stages. The task
of the first stage is to make the system reach the sliding mode, and
the task of the second stage is to make the system maintain the
sliding mode. In the actual operation process, the rotor current is
more convenient to measure, so the current curve is usually
selected as the switching surface. The design steps of the synovial
current observer are as follows: 1) a synovial current observer is
designed based on the PMSM two-phase static coordinate system
model; 2) the observed current is derived from the synovial
current observer model; 3) the state equation of the current
error is obtained by making a difference between the observed
value of current and the actual value of current; 4) the observed
value of back EMF is obtained from the error equation, and the
rotor position 6 can be estimated according to the observed value
of back EMF; and 5) the angular speed w can be obtained by
differentiating 6. The control structure block diagram of the
synovial current observer is shown in Figure 3.
Define sliding surface

s(x)=i—i (12)

where i is the current observation value, i = [i, fﬂ 17. i is the
current actual value, i = [iy ig 17

According to the mathematical model of PMSM in the af8
coordinate system, an SMO is constructed

di, 1 R;; _
ar =t e gl in): -
dig 1, Ry koo
dt —L B Llﬁ Lsgn(lﬁ lﬁ).
1, x>0
sgn(x) =140, x=0 (14)
-1, x<0

where k is the switching gain, which must meet the existence and
accessibility conditions of sliding mode motion. Otherwise, the
system cannot perform sliding mode motion.

Subtract Eq. 6 from Eq. 13

d(ia-i) R, o\ ks \ e
% = _f (l(x - 1(x) - ngn(l‘x - l‘x) + e_; (15)
Al Res s k s,

([’]dtﬁ) = _f (lﬁ - lﬁ) - isgn(z — lﬁ) + efﬁ

It can be seen from Eq. 15 that the error dynamic
characteristic depends on the unknown back EMF e, es.
Select s(x) =i—i=0 as the synovial surface. If the error
dynamic equation is to be gradually stable, there must be
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i,ig

U, Ug|synovial current ’a I/)‘ /\
i observer \/\

FIGURE 3 | Control structure block diagram of the synovial current observer.

- e b
(LPF) estim’ation

Low-pass 5 o rotor 9‘
position [—»

A 2

differential |——»

ss—[za—z,x ig — lﬁ][zﬂ 1,;]£0 (16)

that is

(i) - (1= i) <00

. (17)
(s is) - (is - is) <0.
, Liemid) eamR) =22 (i) ievi
(;a_ia)'<;a_ia>= L Ig
i) et = (i)' hu<ie
(18)
Similarly,
1,. Rs 4 . 2 .
o). (i f(iﬂ_iﬂ)(eﬁ_k)_f(’ﬂ_’ﬂ>z’ >
ig—ip ~(iﬁ—iﬁ>: 1. R, R
Z(iﬂ_iﬂ)(eﬁ-'—k)_l,(ﬂ lﬂ) l'ﬂ<l.ﬁ
(19)

It can be deduced that to satisfy s7$<0, k must satisfy the
condition of k > max (|eslleg]) so that sliding motion can be
generated, and the error dynamic equation is asymptotically
stable, which ensures the convergence of the observer
equation. Therefore, when the k value is large enough, from
Eq. 13, the back EMF equation is

Zo=k- sgn(fa - ia);
{ Zﬁ =k- sgn(fﬁ - iﬁ). (20)

where z,, zg are the switch signals. The signum function sgn (i —
iq),SgN (1ﬁ ig) contains the back EMF information of the motor,
but the signum function is discontinuous variation and contains a
large number of high-frequency interferences. In order to obtain
accurate back EMF, its low-pass filter is processed. Back EMF
after filtering

A we
€y = Za
T+ W, 1)
~ (2
ég = z
p T+ w, f

where é,, és are the estimated values of back EMF. 7 is the time
constant of the low-pass filter. w, is the cut-off frequency, which

embodies the frequency characteristics of the low-pass filter. The
components with a large frequency are attenuated, the high-
frequency components are filtered, and the components with a
small frequency are retained.

Thus, the equivalent value of rotor angle is obtained

éeq = —arctan(f—“). (22)
ep

The low-pass filter will inevitably introduce phase delay. The
phase delay will directly affect the phase response of the low-pass
filter. Especially when w gets lower, the phase delay of the
corresponding natural frequency gets bigger. Therefore, it is
necessary to make the corresponding phase compensation
according to the filter Af; the compensation angle is

A6 = arctan(ﬁ). (23)

W

The correct rotor position can only be obtained after
compensation.

0=0,+A0= —arctan(i > + arctan< d > (24)
B

c

Theoretically, @ can be calculated by differentiating the
estimated rotor angle. However, due to the low-pass filter
introduced, there is a phase delay in the system. Recently, we
calculated only éeq, but we did not get 6. Therefore, we cannot
find @ directly from the formula @ = 9. It should be based on the
expression of back EMF

w=—-—": (25)

3.3 Sliding Mode Observer With the
Phase-Locked Loop

Due to the chattering and the disturbance signal in the back
EMF, there are large errors between the speed and rotor position
that are extracted by traditional SMO. Therefore, this article
designs an SMO based on PLL; it has good follow-up to phase
and frequency and can also omit the filter link in the original
system. Therefore, the observed back EMF é, and &z and 6 form
a phase-locked loop to estimate the speed and rotor position of
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€y = 0
—*"  cosf
Ae .
PI 1/s > 9
e, rl 0 — @
> -sin@ [+
FIGURE 4 | Block diagram of PLL control.

the motor. The block diagram of PLL control is shown in
Figure 4.
As described in Figure 4, the transfer function of the PI
regulator is
ki
G(s) =k, + " (26)
where k,, k; is the proportional gain and integral gain of the PI
regulator, respectively.

PLL generally controls the output frequency through the
voltage difference between the phase of the input signal and the
phase of the output signal to make it reach the desired frequency
value. At this time, the phase difference of the signal remains
constant and is in the phase locking state. The phase-locked loop
based on the phase tracking principle is used to estimate the
rotor position and speed, which reduces the disturbance error.

Remark 1. A typical phase-locked loop (PLL) system consists of
three basic circuits, that is, phase detector (PD), voltage-
controlled oscillator (VCO), and loop filter (LPF). The phase
detector is a key unit circuit in PLL, which is responsible for the
phase comparison of two input signals. The voltage-controlled
oscillator is a voltage frequency conversion device. The loop filter
is actually a low-pass filter applied to the loop, which filters the
stepped waveform output by the phase comparator into smooth
DC power.

From Figure 4, it can be obtained that

Ae = —é, cos 0 — ég sinf = 0y, sin(@ - é) 27)

If -6 — 0, we can conclude that sin (0 — é) — 0-0. The
block diagram of PLL control can be equivalent to Figure 5. It can
be seen from Figure 5 that the closed-loop transfer function of the
PLL system is

_ 0y pkps + oy pk; 28)
s s ’

. ki\1

G(s) = wl//f<kp + ?> -

It can be seen that the PLL system has low-pass filtering

characteristics, which can filter out the high-frequency chattering

component in the estimated back EMF and obtain a rotor

position estimation signal with high accuracy. The steady-state

error of the equivalent phase-locked loop rotor position detection
system shown in Figure 5 is

s

lim = lim

=0 14+G(s) -8 =0 1+ oy kps + oy k;
Hence, the control can be realized in the whole PMSM

sensorless system.

=0. (29)

€55 =

4 NUMERICAL EXAMPLE

As shown in Figure 6, the system structure block diagram
of PMSM sensorless control based on SMO and PLL is
constructed.

The system adopts a double-loop structure; the inner loop
is the current loop and the outer loop is the speed loop. The
closed-loop control is completed by using rotor field oriented
vector control with i; = 0, speed loop PI control, current loop
PI control, and the rotor position estimation method based
on SMO with PLL. Similar to the traditional SMO, the voltage
in the aff coordinate system is controlled by the SMO and acts
with the current, and after the back EMF signal passes
through the switching control function and low-pass filter,
the rotor position and speed information are obtained by
phase-locked loop and phase compensation. The feedback
link is used to return the back EMF signal output by the
control function to the SMO to realize the closed-loop
structure as a whole. This method can realize a stable
control system.

In order to verify the feasibility of the above control system,
the simulation system model is built in the MATLAB/Simulink
environment, and the simulation analysis is carried out. The
following are the detailed parameter settings of the simulation.
Figure 7 shows the comparison of rotor speed waveforms
corresponding to the two methods. It can be seen that the
estimated rotor speed corresponding to the two methods is
basically consistent with the actual rotor speed. It can be seen
from Figure 7A that the given target speed of the motor is
1,000 rad/min. The traditional SMO control can track the
expected speed. The estimated speed is almost equal to the
actual speed when it is stable, but there will be large
chattering in the speed estimation at the moment of low speed
and speed change, and there will be large deviation in the speed
estimation. It can be seen from Figure 7B that although there is a
certain overshoot during startup, there is no chattering and tends
to be stable soon. The corresponding speed waveform curve is
much smoother. The estimated speed can quickly follow the set
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ih=0 . i
current  |¥a « | Y |
o o 11
1_Park space | ™
. - vector PWM [ M
current |, generat u,
controller or
g r
N i S
é ) —, %
) | | PLL e
g —
i e
g i la
d Park i Clark |«
i A i
q <+

FIGURE 6 | System structure block diagram of PMSM sensorless control based on SMO with PLL.
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FIGURE 7 | Curve between the estimated and actual speeds. (A) Speed under traditional SMO. (B) Speed under traditional SMO with PLL.

Rotor speed (rad/min)

speed under traditional SMO with PLL

speed and converge to the actual speed, which shows that the
system has good dynamic and static performance.

Permanent magnet motor vector control is adopted. The
simulation conditions are as follows: DC side voltage U,
311V, the pulse width modulation (PWM) switching frequency
is 10 kHz, the given speed is 1,000 rad/min; start with no load
first, and mainly observe the estimated differences of speed and
rotor position in SMO and SMO with PLL.

Using the traditional SMO and the SMO with PLL method
proposed in this article, the speed and position simulation
diagrams of the traditional SMO control and SMO with PLL
are given, respectively.

Figure 8 is a waveform of the deviation between the estimated
speed and the actual speed. It can be seen from Figure 8A that the
maximum speed estimation error of the traditional synovial
observer is 16 rad/min and finally stabilized at 10 rad/min.
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TABLE 1 | Parameters of PMSM.
Parameter value
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effect, strong tracking performance, and small steady-state

velocity fluctuation.
Figure 9 is the motor rotor position curve. It can be seen that

Motor parameters Symbol

Rotor flux vr 175 Wb the estimated rotor position can maintain good consistency with

Inductance of d and g axes L 8.5 mH ‘e .

. the actual rotor position, which shows that the observer has a
Stator resistance Rs 2.875Q K i .
Pole number of the motor on 4 good estimation effect. As can be seen from Figure 9A, due to the
J .001 kg m? high-frequency chattering component, the estimated position of

the rotor lags behind the actual position, and there is a fixed error,

Moment of inertia

That is, the steady-state error is 10 rad/min. It can be seen from
Figure 8B that the SPM and PLL speed fluctuation has been
greatly improved, which not only ensures the real-time tracking
of rotor speed but also optimizes the steady-state error of speed.

which cannot be corrected and improved and will affect the
dynamic response performance of the system. Figure 9B shows
that after the PLL is introduced, the output frequency is
controlled by the voltage difference between the phase of the
input signal and the phase of the output signal to reach the
desired frequency value, maintain a fixed phase error, and be in
the phase locking state. There is neither phase lag nor amplitude

attenuation. The estimated angle is basically the same as the

The maximum speed error is only 12 rad/min after stabilization,
actual angle, which effectively weakens the high-frequency noise

and the error is basically 0. The steady-state error value is further
weakened, which shows that this method has a good filtering

speed error under traditional SMO
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and harmonics in the back EMF and makes the output stable, and
the control effect more meets the performance control
requirements of PMSM.

Figure 10 is the motor rotor position error curve. The
maximum position error obtained by the traditional SMO
shown in Figure 10A is 6.1rad/min, while after the
introduction of PLL, the maximum error between the actual
position and the estimated position of the motor is .75 rad/min. It
shows that the accuracy based on SMO with PLL is improved.

5 CONCLUSION

This article has studied a chattering suppression method based on
the combination of SMO and PLL technologies, and the
chattering problem of traditional SMO in PMSM sensorless
control has been solved. In this method, the SMO has been
used to estimate the back EMF, and the phase-locked loop has
been employed to estimate the speed and position of PMSM. The
design principle of PLL has been analyzed theoretically, and the
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