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ABSTRACT This paper presents an improved sensorless controller scheme for a robust permanent magnet
synchronous motor. Firstly, a sliding mode observer based on a variable rate approach rate is designed to
observe the back electromotive force, enhance the robustness of the back electromotive force acquisition
process, and reduce the system buffeting. Secondly, the concept of finite control set model predictive control
is introduced, and the position angles are divided into small angles to form finite control sets. Then the
position Angle of the finite control set is entered into the sliding mode observer to calculate the back
electromotive force. At the same time, the optimal position angle is obtained based on the cost function
of the back electromotive force. In order to reduce the number of iterations, the dichotomy is adopted to
reduce unnecessary calculations. The proposed finite position-set phase-locked loop (PLL) avoids the PI
controller in the traditional PLL and further improves the robustness of the system. Finally, the effectiveness
of the proposed scheme is verified by relevant experiments.

INDEX TERMS Sensorless control, finite position set, phase locked loop, sliding mode observer.

I. INTRODUCTION
In recent years, with the excessive consumption of non-
renewable resources, more and more scholars and engineers
have focused on the new energy industry. With the rise of
the new energy industry, all kinds of drive motors have
been widely used in industrial fields, such as the electrical
vehicles, marine, and aerospace industries [1], [2], [3], [4],
[5]. Among them, permanent magnet synchronous motor
(PMSM) has attracted much attention due to its advantages
such as high-power density, high efficiency, and large torque-
to-current ratio [6], [7], [8], [9]. Correspondingly, more and
more high-performance control schemes such as magnetic
field-oriented control, direct torque control, sliding mode
control, and model predictive control are studied to improve
the control [10], [11], [12], [13], [14], [15] performance
of PMSM. The effective implementation of such schemes
depends on accurate rotor position and velocity information.
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However, the installation of mechanical sensors increases
the complexity and cost of the system and also reduces the
reliability of the system. Therefore, the sensorless control
strategy has receivedmore andmore attention [16], [17], [18],
[19], [20].

Sensorless control can be roughly divided into salient
pole type and fundamental wave type according to the cat-
egories of extracted information. The former utilizes the
salient pole effect of PMSM to extract the control quantity
through external signal injection [21], [22], [23]. The latter
depends on its own change in the operation of the motor,
such as back electromotive force, stator current, voltage,
etc., through these parameters to calculate the extraction of
position information [24], [25], [26]. High-frequency signal
injection methods mainly include the high-frequency volt-
age injection method [27] and the high-frequency current
injection method [28]. These schemes mainly use the salient
pole of the motor to estimate the rotor angle and solve the
problem of parameter estimation at the low speed or zero
speed of the motor. The high frequency voltage injection
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method can accurately estimate the rotor position of the
internal PMSM at low speeds, and the high frequency current
injection method can use devices with low forward voltage
drop for high frequency applications, reducing the need for
carrier life technology [29].

The fundamental mode sensorless control method has two
representatives, that is, the back electromotive force (EMF)
method and the model reference adaptive system (MRAS).
The main idea of MRAS is to take the mathematical model of
parameter determination as the control reference model and
obtain a dynamic adjusting feedback control law so that the
closed-loop control performance of the system can be consis-
tent with the performance of the reference model [30]. The
back EMF method is mainly aimed at the surface-mounted
PMSM, which needs to construct an observer to extract the
back EMF and obtain the position angle and speed value from
the back EMF by using the trigonometric function. Com-
monly used observers include sliding mode observer (SMO)
[31], Kalman filter observer, and disturbance observer [32].

In [31], an enhanced s SMO with current compensation
is proposed. The fuzzy logic controller is used to realize the
shape coefficient adaptive SMO based on the hyperbolic tan-
gent switching function. In [33], a synovial observer method
with delay suppression is proposed. Not only the hyperbolic
function of the appropriate boundary layer is used to elim-
inate chattering, but also a current compensation method
with a dual sampling strategy is proposed. In addition, [34]
uses the minimum order observer to estimate the extended
reaction electromotive force to obtain the speed information
and estimate the position error.

Extracting position information based on back EMF
has become a mainstream method in the sensorless field.
To reduce the buffeting caused by the inverse tangent func-
tion, a phase-locked loop (PLL) is widely used. A sensorless
control method based on robust observer and non-orthogonal
PLL is proposed in [35]. This method takes robustness into
account to ensure that the motor can still operate effectively
in the case of phase loss and short circuit faults. A rotor
position estimation method based on PLL and third-order
steady-state linear Kalman filter is proposed in [36]. How-
ever, the PI controller with a fixed gain is generally used
to estimate the rotor position in the above PLL, and the
parameter uncertainty, unmodeled dynamics, and external
interference during system operation will make it difficult
for the PI controller to meet the output performance [37],
[38], [39], [40]. A finite position set PLL is proposed in [39].
The back EMF is calculated by discrete position angle and
the optimal position angle and rotation speed are obtained
by substituting the cost function. This scheme avoids the use
of a PI controller. On this basis, a dichotomy-based position
angle iteration algorithm is proposed in [41] to reduce the
computational burden of non-sensing schemes. However, the
calculation of the back EMF in the above scheme depends on
the parameters of the motor and lacks robustness.

Therefore, this paper proposes a method to combine
improved SMO with enhanced FPS-PLL. In order to solve

the chattering problem inherent in traditional SMO, the super
torsion function is used instead of the symbolic function
to suppress the chattering problem. At the same time, the
motor parameter adaptive SMO is designed to enhance the
robustness of the system and improve the accuracy of rotor
position estimation. The traditional PLL was replaced by
FPS-PLL to further improve robustness, using dichotomies
to speed up computation.

The rest of this paper consists of five parts. The second
part gives the mathematical modeling of the three-phase
permanent magnet synchronous motor. Then, in the third
section, the traditional PI-based PLL structure and the finite
position set PLL structure are proposed. In the fourth part,
an improved sliding mode observer and a finite position-set
phase-locked loop based on dichotomy are presented. Finally,
the fifth and sixth parts are experimental verification and
conclusion respectively.

II. DRIVE SYSTEM MODEL OF THREE-PHASE PMSM
Three-phase PMSM is the research object of this paper.
Because the permanent magnet used in PMSM is surface-
mounted, the d-axis and q-axis inductance are equal (Ld =

Lq = Ls).
The voltage equation of PMSM in the d-q rotating coordi-

nate system can be expressed as follows:

u = Ai+ B
d
dt
i+ C (1)

where

u =

[
ud
uq

]
; i =

[
id
iq

]
;A =

[
Rs −ωeLs
ωeLs Rs

]
;

B =

[
Ls 0
0 Ls

]
;C =

[
0

ωeψf

]
u and i represent the voltage and current respectively, and
ωe is the electric angular velocity. Rs and ψf represent stator
resistance and flux linkage.

The electromagnetic torque equation of the surface-mounted
permanent magnet synchronous motor (SPMSM) is given by:

Te =
3
2
Pniqψf (2)

where Pn represents the number of pole pairs.
The mechanical equation of SPMSM is expressed as

follows:

J
dωm
dt

= Te − TL − Bωm (3)

where J , ωm, B, and TL represent the moment of inertia,
mechanical angular velocity, friction coefficient, and load of
the motor, respectively.

III. TRADITIONAL PLL AND FINITE POSITION SET PLL
The matrix C in (1) can simultaneously be expressed as
the back EMF of the PMSM. Therefore, according to [41],
it is necessary to obtain the discrete model of PMSM before
obtaining the back EMF as follows:

u(k) = A1i(k) + B1i(k + 1) + E(k) (4)
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FIGURE 1. Conventional PLL structure.

where

A1 =

[
Rs −

Ls
Ts

−ωe(k)Ls
ωe(k)Ls Rs −

Ls
Ts

]
,B1 =

[
Ls
Ts

0
0 Ls

Ts

]
,E = C

where k and k + 1 represent the value of the current time
and the next time respectively, and Ts represents the sampling
period. The back EMFE= [Ed , Eq]T can be derived from (4):

E(k) = u(k) − A1i(k) − B1i(k + 1) (5)

After obtaining the back electromotive force, the structure
of conventional PLL extraction speed and position angle is
shown in Fig. 1.

The difference between the d-axis calculated component
of the back electromotive force and the reference value gen-
erates the change of speed through PI, and the estimated speed
is obtained through feedforward compensation and low pass
filter (LPF), and the position angle is further integrated.

On this basis, a finite position set phase-locked loop (FPS-
PLL) is proposed in [38]. This scheme avoids the use of
PI controllers and improves the reliability and robustness of
the system under complex conditions. The idea of a finite
location set comes from the finite control set model predictive
control (FCS-MPC), and its specific principle is as follows:

FCS-MPC has a fixed number of voltage vectors because
it uses the discrete nature of the inverter. These voltage
vectors are substituted into the prediction model to obtain
the predicted value of the controlled variable. By substitut-
ing the predicted value into the cost function, the optimal
voltage vector is calculated online and output to the inverter.
Finally, repeat the above steps. Taking finite control set model
predictive current control as an example, the whole control
process includes three parts: predictive model, cost function,
and rolling optimization, and its specific block diagram is
shown in Fig. 2.
According to the principle of FCS-MPC, a finite set of

positions is formed by dividing the unknown position angles
into small angles. Its control block diagram is shown in Fig. 3.
The discretization of the finite position angle uses two

nesting, and its discretization equation is as follows{
θi,j(k) = θini,i(k) + (j− 4)1θi(k)
1θi(k) = 2−i−2

· π
(6)

FIGURE 2. Schematic diagram of FCS-MPC.

FIGURE 3. The structure of a phase-locked loop with finite position sets.

The cost function of FPS-PLL design is used to minimize
the reference back electromotive force and to predict the back
electromotive force, so the control problem can be summa-
rized as follows

J = E ref
d − Ed(i,j) (7)

As shown in Fig. 4, when the optimal value obtained by
the first iteration (i = 0, j = 0∼7) is π /2, the discrete position
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FIGURE 4. Angular discretization rules for finite position sets.

FIGURE 5. Improved sensorless control strategy.

angle of the second iteration (i = 1, j = 0∼7) is shown in
π /2+(j-4)∗π /2, And iterate until the end of 64 iterations.
After obtaining the optimal position angle θopt , the rota-

tional speed can be obtained by the Euler discrete method:

ωe(k) =
θopt (k) − θopt (k − 1)

Ts
(8)

In addition, the stability of FPS-PLL in terms of tracking
error was demonstrated in [42].

IV. THE PROPOSED SENSORLESS CONTROL SCHEME
To improve the robustness of back electromotive force, this
chapter designs an improved sliding mode observer (SMO)
to estimate back electromotive force instead of the traditional
calculation scheme. In addition, in order to reduce the com-
putational burden of PLL with finite position sets, the binary
method is used to replace the traditional FPS-PLL search
process. The control block diagram of the overall scheme is
shown in Fig. 5.

A. IMPROVED SLIDING MODE OBSERVER
The expression of the back electromotive force in the
two-phase rest coordinate system is as follows:[

Eα
Eβ

]
= ωeψf

[
− sin θe
cos θe

]
(9)

As shown in (9), the rotor position information is only
contained in the extended electromotive force component.

Therefore, once the extended counter-potential component
can be estimated, the rotor position information can be
obtained directly.

Therefore, in order to obtain information on the rotor
position and speed of the motor, a sliding mode observer is
constructed based on the voltage equation as follows:

d
dt

[
ĩα
ĩβ

]
= −

Rs
Ls

[
ĩα
ĩβ

]
+

1
Ls

[
Ẽα
Ẽβ

]
(10)

where ’∼’ represents the error between the observed value
obtained by the observer and the actual value.

To obtain the extended reaction electromotive force, the
current error value is taken as the sliding mode surface
in SMO, and the traditional sliding mode control rate is
expressed as:

Ê = kssgn
(
îs − is

)
(11)

where ks is the gain coefficient. When s =Ois − is = 0, the
error between the estimated velocity and the actual velocity
is small enough, then the estimated extended electromotive
force is:

Ê = E (12)

To satisfy the stability of the SMO, ks has to satisfy the
following conditions:

ks ≥ max(Esgn(s) − Rs|s|) (13)

However, due to the serious drawbacks of the conventional
isokinetic convergence rate, the gain coefficient is usually
modulated to be larger in order to reach the sliding mode
surface quickly. However, this also leads to severe jitter as the
state volume approaches the sliding mode plane. This leads to
a large amount of high-frequency jitter in the estimated vari-
ables, and further errors in the extraction of the position angle
by the inverse tangent function, which, despite the design
of the filter, also results in phase errors and makes angular
compensation cumbersome. Therefore, the SMO with a new
approach rate is developed and the angle extraction method
is optimized for the above problems.

First, the hyperbolic function is used as the switching
function. Its upper and lower bounds are the same, but tanK (s)
further reduces the jitter of the SMO by smoothing the curve
control instead of the discontinuous step function. In addition,
the hyperbolic function is continuous and the function has no
time lag properties, the expression of which is shown in (14).

g(s) = tanK (s) =
exp(s) − exp(−s)
exp(s) + exp(−s)

(14)

In addition, in order to ensure that the system has a fast
convergence rate when moving away from the slip form
surface and at the same time reduce the high-frequency jitter
effect when reaching the slip form surface. Therefore, a new
convergence rate is reconstructed as shown in (15). This
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replaces sgn(s) with an isokinetic convergence rate and has
a variable speed effect.

ds
dt

= h(u1, s)g(s) + f (s) (15)

f (s) = −δs (16)

h(u1, s) = −
ks |u1|

a(|u1| + λe−ε|s|) + |u1| e−ε|s|
(17)

where λ > 0, δ > 0, ε > 0, 0 < a < 1, u1 is the system
state quantity. As known from (16) and (17), h(u1, s) varies
with the system state volume and the sliding mode switching
surface s.
From the above original convergence rates, it can be seen

that in case the system state is far from the sliding mode
switching surface, (when the sliding mode switching function
|s| converges to ∞).

lim
s→∞

a(|u1| + λe−ε|s|) +
∣∣u1 ∣∣ e−ε|s| = a |u1| (18)

As a result, h(u1, s) converges to the constant ks/a
(ks/a > ks), while f (s) converges to ∞, further increasing the
system convergence rate. On the other hand, when the system
state is close to the slip form surface (when |s| tends to 0),
so f (s) → 0.

lim
s→0

[h(u1, s) · g(s) + f (s)] =
ks

∣∣u1 ∣∣
(a+ 1)

∣∣u1 ∣∣ + λ
(19)

that the system state will gradually decrease to 0 as it
approaches the switching plane s, thus achieving the purpose
of dither suppression.

B. STABILITY ANALYSIS
In this section, the Lyapunov function is usually chosen to
verify the stability of the novel convergence rate.

V̇ = sṡ = −
ks

∣∣u1 ∣∣ · s

a(
∣∣u1 ∣∣ + λe−ε|s|) +

∣∣u1 ∣∣ e−ε|s|
× tanK (s) − δs2 ≤ 0 (20)

There are three scenarios that should be discussed.
Case 1: when s > 0, a(|u1| + λe−ε|s|) +

∣∣u1 ∣∣ e−ε|s| > 0,
tanK (s) > 0, ks

∣∣u1 ∣∣ > 0, -δs2 < 0, So V̇ < 0, it meets the
conditions.

Case 2: when s < 0,
ks

∣∣u1 ∣∣·s
a(

∣∣u1 ∣∣+λe−ε|s|)+∣∣u1 ∣∣e−ε|s| > 0, tanK (s) <

0, -δs2 < 0, So V̇ < 0, it also meets the (19).
Case 3: when s = 0,

ks
∣∣u1 ∣∣·s

a(
∣∣u1 ∣∣+λe−ε|s|)+∣∣u1 ∣∣e−ε|s| = 0, tanK (s) =

0, -δs2 < 0, So V̇ < 0, this situation satisfies V̇ ≤ 0.
According to the above three cases, the proposed conver-

gence rate satisfies the arrival condition of the sliding mode
and can guarantee that the system motion trajectory reaches
the sliding mode switching surface in a finite time.

C. FPS-PLL BASED ON DICHOTOMY
As can be seen from Fig. 4, some position angles in the
second iteration overlap with those in the first iteration, which
undoubtedly increases the unnecessary calculation burden.

FIGURE 6. At the same time, the system state will gradually converge to
0 under the action of sliding mode control, which indicates Position
discretization scheme based on dichotomy.

Therefore, the dichotom-based position discrete calculation
scheme as shown in Fig. 6 is adopted.

The steps of the proposed scheme are as follows:
Step 1: Firstly, the discrete angle is set to θj,i(i = 1,2 and

j = 0∼7), there are 8 iterations in total, and the optimal
position angle obtained in each iteration is θopt,j,

Step 2: Set the initial angles θ0,1 and θ0,2 to 0 and π
respectively to obtain the back electromotive force, and then
substitute the cost function to calculate its optimal value
θopt,0,

Step 3: Set 1θ = π∗2−j, apply the θopt,0 obtained in
step 2 and the θ1,1 and θ1,2 discretized from 1θ to the
back electromotive force, and then enter the cost function to
calculate the optimal value θopt,1.

Step 4: Repeat steps 2 and 3 until j = 7 to output the final
optimal position angle.

The main advantage of FPS-PLL is to avoid the PI con-
troller in the case of searching for the optimal rotor position
angle. The angle fluctuation obtained by the optimal value
depends on the accuracy of the dichotomy. The precision of
PLL is inversely proportional to the number of iterations.
Finally, the optimal rotor position angle selected by iteration
can maintain the accuracy of π×2−8

= 0.012 rad. In order
to improve the readability of the proposed scheme, Fig. 7
provides a flow chart of the key algorithms.

V. EXPERIMENTAL RESULT
Fig. 8 shows the construction of the experimental device,
and the relevant SPMSM parameters are shown in Table 1.
In order to verify the effectiveness of the proposed scheme
under sensorless operation, the performance of position track-
ing and speed tracking is verified by experiments. The
real-time digital controller RTU-BOX201 provided by rtunit
was used in the experiment, and the control period was set to
100µs. The parameters of the sliding mode observer are set
as ks = 200, λ = 10, δ = 10, ε = 5 and a = 0.5.
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FIGURE 7. The flow chart of the implementation of the proposed
SMO+FPS-PLL.

FIGURE 8. The experiment platform.

TABLE 1. SPMSM system parameters.

In this section, in order to verify the effectiveness of the
proposed method, it is compared with traditional PLL based
on a PI controller.

FIGURE 9. Steady-state performance experiment in fixed speed and
toque. (a) Conventional PLL (b) Proposed Method.

FIGURE 10. Steady-state performance experiment in 2500rpm.
(a) Conventional PLL (b) Proposed Method.

FIGURE 11. Variation diagram of d-q axis back electromotive force
waveform.

Fig. 9 shows the motor speed, speed error, and rotor posi-
tion angle error at 1500rpm and 10Nm. It can be observed
that the two methods have good performance in the stability
experiment, the proposed scheme has less velocity fluctuation
and angle error, and the estimated position angle is more
accurate. Fig. 10 shows themotor speed, speed error and rotor
position angle error at rated speed, which is consistent with
the performance shown in Fig. 9.

The back electromotive force waveform of the proposed
scheme fluctuates greatly at zero speed and low speed, which
is not conducive to the observer’s estimation of speed. Fig. 11
shows the back electromotive force waveform of d-q axis
with no load at rated speed.

Under the conditions of changing speed, it can be clearly
seen from Fig. 12 that the overshoot of the traditional method

VOLUME 12, 2024 107013



C. Zhang et al.: Sensorless Control of Permanent Magnet Synchronous Motors

FIGURE 12. The speed suddenly changes from 1000 rpm to 2000 rpm and
then decreases to 1500 rpm, and the torque is fixed at 10 Nm.
(a) Conventional PLL (b) Proposed Method.

FIGURE 13. Torque mutation test. The motor started with load and
accelerated to 1000rpm. The load increased from 5Nm to 10Nm and then
decreased to 5Nm. (a) Conventional PLL (b) Proposed Method.

is larger. The main reason is that PLL with fixed gain PI
cannot converge effectively when the operating conditions
change suddenly. The speed error of the proposed method
is about 27rpm, while the maximum error of the traditional
method is 36rpm and the maximum position error is 0.49 rad.
When the load changes, as shown in Fig. 13, the position
angle error of the traditional method is 0.52rad, while the
maximum error of the proposed scheme is 0.22rad. It can
be observed that the dynamic performance of the proposed
method is as good as the steady-state performance.

In order to verify the robustness of the proposed method,
the parameter mismatch is simulated by changing the motor
parameters in the controller, because themotor cannot change
the parameter size at any time according to the setting during
operation. The whole experiment was tested when the speed
was stable at 1000rpm. It can be clearly seen from Fig. 14
that when the inductance (0.5Ls) is changed, the speed of the
traditional method has serious buffeting, and the max speed
error is 18 rpm. However, the proposed methods are almost

FIGURE 14. Experimental performance under 50%Ls (a) Conventional PLL
(b) Proposed Method.

FIGURE 15. Experimental performance under 0.5Rs (a) Conventional PLL
(b) Proposed Method.

TABLE 2. Comparison of calculation time.

unaffected. The proposed scheme can converge effectively
and its position angle error is about 0.02rad.

In order to fully demonstrate the robustness of the proposed
method. As shown in Fig. 15, the position estimation per-
formance of the two schemes is verified when the resistance
meets 0.5Rs, and the velocity error and position angle estima-
tion error of the proposed method is smaller than that of the
traditional method.

In summary, the proposed scheme has good position esti-
mation ability in both steady-state and dynamic tests, and can
effectively reduce parameter sensitivity.

To demonstrate the advantages of the proposed dichotomy,
the authors compare the computation time of the proposed
scheme with that of FPS-PLL in [38]. As shown in Table 2,
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the execution cycle of the proposed scheme is 46µs, which is
smaller than 63µs of the scheme adopted in [38]. Therefore,
the proposed scheme has a smaller computational burden.

VI. CONCLUSION
In this paper, a sensorless control scheme of a three-phase per-
manent magnet synchronous motor based on a finite position
set phase-locked loop is proposed. Firstly, the exponential
approximation rate of the velocity is designed, and the hyper-
bolic inverse tangent function is used instead of the sign
function to solve the buffering problem of the approximation
rate of the traditional sliding mode observer. The sliding
mode observer is used to estimate the back electromotive
force, which improves the robustness of the system and is
beneficial to the operation of the motor in complex envi-
ronment. Then, the position angle is discretized based on
dichotomy, and the optimal position angle is found by iter-
ative search. With the increase in the number of iterations,
the estimation accuracy of the algorithm increases geometri-
cally. Finally, the experimental results show that the proposed
method has smaller rotor speed estimation error, higher posi-
tion estimation accuracy and better system robustness, and
the dichotomy method can effectively reduce the calculation
burden of FPS-PLL. However, sensorless schemes based on
back electromotive force have large back potential fluctu-
ations at zero velocity and low temperature, which is not
conducive to position estimation. In the future, the authors
will consider non-sensing schemes in the full speed range and
explore effective switching methods from low to high speed.
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