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Sensorless Control of Permanent Magnet
Synchronous Motor Based on Tracking
Differentiator-Frequency-Locked Loop

Sibo WAN, Huimin WANG, Yun ZUO, Gaoli GUO, and Xinglai GE

Abstract—Sensorless control technique is regarded as the 
enabler of the reliability improvements for interior permanent 
magnet synchronous motor (IPMSM) drives. However, the con-
ventional estimation schemes by using the phase-locked loop (PLL) 
and the frequency-locked loop (FLL) may experience undesired 
accuracy under acceleration and deceleration cases (ADCs). To ad-
dress this, a speed estimation scheme by combining a closed-loop 
active flux observer (CLAFO) with a tracking differentiator-based 
frequency-locked loop (TD-FLL) was proposed in this paper. 
Starting from a brief introduction of the conventional PLL perfor-
mance analysis with - and FLLADCs based estimation schemes, 
a detailed is provided. Accordingly, an estimation scheme based 
on the TD-FLL is elaborated. Considering the performance of the 
proposed TD-FLL scheme is adversely affected by various distur-
bances, a CLAFO is carefully designed to improve the disturbance 
immunity of the proposed TD-FLL scheme. Extensive experimen-
tal tests are conducted to verify the effectiveness of the proposed 
TD-FLL scheme under different test cases. 

Index Terms—Closed-loop active flux observer (CLAFO), fre-
quency-locked loop (FLL), interior permanent magnet synchro-
nous motor (IPMSM), sensorless control, tracking differentiator 
(TD).

I. Introduction

INTERIOR permanent magnet synchronous motor (IPMSM) 
is widely used in industrial production and traction 

transmission due to its advantages of high power density, 
high operating efficiency and large starting torque [1]-[4]. In 
most high performance IPMSM drive systems, precise speed 
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sensors are needed to realize the feedback of speed information.
However, the use of speed sensors will increase the cost of 
the system and reduce the reliability of the system. Due to 
the different operating environment of the motor, such as in 
the harsh conditions of high temperature and high humidity 
vibration, the speed sensor becomes one of the main fault 
sources of the motor. When the fault of the speed sensor occurs, 
it will seriously affect the control performance of the motor. 
Thus, to improve the reliability of motor operation, there is a 
growing trend to implement sensorless control through various 
speed estimation schemes to replace speed sensors [5], [6]. 

The model-based method is based on the mathematical. 
model of IPMSM, which is mainly used in medium- and 
highspeed range [7]-[14]. The model-based method attract 
much popularity in sensorless motor control include sliding 
mode observer (SMO) for observing the extended back 
electromotive force (EMF) [7], [8], flux observer method for 
observing active flux [9], [10], the model reference adaptive 
system (MRAS) [11], [12], extended Kalman filter (EKF) 
[13] and extended state observer (ESO) [14], etc. The SMO 
used to observe the extended back EMF has the characteristics 
of simple structure and high robustness, but the signal-to-
noise ratio is low and there is oscillation in the low-speed 
domain. The flux observer method decouples the observation 
signal from the speed information, it has a better low-speed 
performance. The observed flux method is more efficient and 
accurate than the observed back EMF method to obtain the 
speed and position information. Therefore, a closed-loop active 
flux observer (CLAFO) for IPMSM is established to obtain 
active information in this paper.

Phase-locked loop (PLL) and frequency-locked loop (FLL) 
are of great significance in the field of power and energy 
applications, both technologies have been applied extensively 
in the sensorless control for IPMSM drives attributable to high 
simplicity and flexibility. However, most of the sensorless 
control strategies based on PLL and FLL show poor control 
performance when the motor runs frequently in the accelerate 
and decelerate conditions, such as subway and new energy 
vehicles. Therefore, in view of the inevitable estimation error of 
conventional PLL and FLL under acceleration and deceleration 
cases (ADCs), many studies have been done to improve the 
estimation performance by optimizing the structure of the PLL 
and FLL. The conventional PLL can be regarded as a type-2 
control system based on proportional-integral (PI) controller 
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loop filter, and the phase steady-state error cannot be guaranteed 
to be eliminated under ADCs. A desirable way is to  eliminate 
the steady-state error by increasing the type order of the PLL 
system [15]-[17]. [15] and [16] presented the existence of 
two poles in a loop filter of the type-3 PLL scheme, which 
improved estimation performance under ADCs. The dual-loop 
synchronous reference frame-PLL scheme for sensorless drive 
system was proposed to achieve satisfactory speed estimation 
performance under ADCs in [17]. However, increasing the 
order of PLL will cause the deterioration of system stability 
margin and dynamic performance. In addition, a unit delay 
compensation scheme for type-2 PLL was introduced to 
eliminate the steady state error during the frequency ramp in 
[18], but it increases the complexity of parameter adjustment 
and structure. Applying second-order generalized integrator 
frequency-locked loop (SOGI-FLL) and reduced-order 
generalized integrator frequency-locked loop (ROGI-FLL) 
schemes for speed estimation are typical examples of FLL. 
Adaptive SOGI-FLL and adaptive ROGI-FLL schemes were 
introduced in [19], combines the super-twisting algorithm 
(STA) with a new structure of FLL scheme was proposed 
in [20]. [19] and [20] can achieve error-free tracking under 
ADCs, but the requirement for speed information feedback has 
a negative impact on the dynamic performance of the system. 
A novel type-1 FLL scheme with selective pre-filter in the front 
stage and out-loop compensation to obtain the same features of 
type-2 FLL in response to frequency drift was explored in [21].
Similarly, the compensation scheme increases the complexity 
of the system.

In this paper, a speed estimation scheme based on tracking 
differentiator-FLL (TD-FLL) is proposed to achieve satis-
factory estimation performance under ADCs. Meanwhile, the 
active flux is be accurate estimated by using the CLAFO even 
with DC offset and part motor parameter variations during 
practical IPMSM drives operation.

The rest of this paper is organized as follows. In Section II, 
the implementation of conventional PLL and FLL is introduced, 
and the mechanism of estimating performance deterioration 
under ADCs is analyzed in detail. In Section III, presents the 
details of the TD-FLL scheme, and points out the advantage 
of speed estimation under ADCs. Then, Section IV presents 
the implementation process of the CLAFO with considerable 
robustness. The anti-interference performance of the CLAFO 
with DC offset and part motor parameter mismatch is analyzed 
in detail is conducted in Section V. Experimental validation is 
given in Section VI. Finally, Section VII concludes this article.

II.  Performance Analysis of Conventional PLL and 
FLL Schemes Under ADCs

A. Performance Analysis of the Conventional PLL Scheme

A typical quadrature phase-locked loop (QPLL) scheme 
applied in IPMSM drives is shown in Fig. 1, in which ψα and 

ψβ are the flux with position information. The QPLL scheme is 
mainly composed of three parts: phase detector (PD), loop filter 
(LF) and voltage-controlled oscillator (VCO). With Fig. 1, the 
small-signal model of the QPLL scheme is shown in Fig. 2.

Seen from Fig. 2, the open-loop transfer function of the 
QPLL can be obtained as

2

ˆ
( ) ˆ

ep pp iiQPLL
ol

ep ep

k s k
G s

s
θ

θ θ

+
= =

−
                     (1)

in which θep, θ̂ep , Δθep, kpp and kii are the input position 
information of the QPLL scheme, the output position 
estimation information of the QPLL scheme, the position 
estimation error of the QPLL scheme, the gains of the LP in 
the QPLL scheme, respectively. Based on (1), it can be further 
given by

2

2

1( )
1 ( )

epQPLL
error QPLL

ep ol pp ii

sG s
G s s k s k

θ
θ

∆
= = =

+ + +
       (2)

The frequency ramp input (h/s2) can be equivalent to the 
position acceleration input (h/s3). Therefore, the position 
errorwith frequency ramp input can be expressed as
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where h is the gain of frequency change under ADCs. Seen 
from (3), the QPLL scheme has a steady-state error in 
position estimation under ADCs. To reduce the position error 
of the QPLL scheme estimation, kii in the LP can be set to 
a large value. A large value of kii can improve the dynamic 
performance and position estimation accuracy of the QPLL 
scheme, but will adversely affect the steady-state performance 
of the QPLL scheme. The closed-loop transfer function of the 
QPLL scheme can be obtained as

Fig. 1.  Block diagram of the conventional QPLL scheme.

Fig. 2.  Small-signal model of the conventional QPLL scheme.
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Afterwards, (4) is rewritten as
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where ζ and ωn are the damping factor and the natural 
frequency, and

22pp n ii nk kζω ω= =                            (6)

According to (5), the amplitude response of the closed-loop 
transfer function can be described as
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The closed-loop transfer function of QPLL can be equivalent 
to a second-order low-pass filter, the bandwidth frequency of 
the QPLL scheme can be calculated as

2 2 2(1 2 ) (1 2 ) 1b nω ω ζ ζ= + + + +                (8)

In addition, according to the definition of the noise 
bandwidth of the QPLL scheme [22], it can be expressed as
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From (8) and (9), the bandwidth frequency and the noise 
bandwidth of the system are related to the natural frequency, 
when maintaining the same ζ. The increase of noise bandwidth 
will impair the noise immunity of the system, resulting in the 
deterioration of the steady-state estimation performance of the 
system.

B. Performance Analysis of the Conventional FLL Scheme

As a typical FLL scheme of IPMSM drives, the block 
diagram of the SOGI-FLL speed estimation scheme is shown 
in Fig. 3, in which the ψ̂αβ , q̂ψαβ , ω̂ef , εαβ, k and Г are the 
estimated flux, the quadrature term of the estimated flux, the 
estimated frequency, the frequency error, and the gains of 
the SOGI-FLL, respectively. The SOGI-FLL scheme is also 
mainly composed of three parts: two SOGI-based quadrature-
signal generators (SOGI-QSGs), a gain normalization unit and 
a FLL. Fig. 4 presents the simplified model of the SOGI-FLL 
scheme.

Seen from Fig. 4, the open-loop transfer function of the 
SOGI-FLL scheme can be obtained as
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Fig. 3.  Block diagram of the SOGI-FLL scheme.

Fig. 4.  Simplified model of the SOGI-FLL scheme.

The frequency estimation error transfer function can be 
calculated as
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When the input frequency is a ramp type, the frequency 
error can be derived from (11) can be expressed as
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Seen from (12), the SOGI-FLL scheme is unable to 
achieve error-free tracking under ADCs. A large value of Г 
can reduce the steady-state error under ADCs, improve the 
dynamic performance of the system, but reduce the anti-noise 
performance of the system. In addition, since the SOGI-FLL 
scheme requires frequency feedback, this also adversely affects 
the dynamic performance of the system.

III.  Speed Estimation Scheme Based on TD-FLL
Considering the QPLL scheme and the SOGI-FLL scheme 

fails to provide accurate estimation under ADCs, a simple yet 
effective estimation scheme based on TD-FLL is developed, 
which is detailed in this section. 

In IPMSM drives, it is clear that
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2 2

arctan( )ˆ
ˆ e

e

d
E Ed

dt dt

β

β α α βα

α β

ψ
ψ ψψθ

ω
ψ ψ

 
  − = = =

+
 
        (14)

 

 

∫ ∫k+
- ψaβ   

qψaβ   εαβ  

+
- ωef 

k

ψaβ   

ψα
2+(qψα)2   

0.5
+ ψβ 

2+(qψβ)2   
-Г 

∫
εα   

εβ  

+

+

ωef ωef 

SOGI-QSG

FLLGain normalization  

-
+ωef  Δωef  ωef∫2Г



457

where ω̂e, Eα and Eβ are the estimated speed, α- and β-axis 
components of the back EMF, respectively.

After normalizing the amplitude of the flux, (14) can be 
further expressed as

2 2
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where ψαn, ψβn, Eαn and Eβn are the flux with rotor position 
information and the back EMF after normalization of flux 
amplitude. According to (14) and (15) , the speed estimated 
scheme that includes an amplitude normalization (AN) unit 
and a conventional differentiator-based FLL (CD-FLL) can 
be designed as shown in Fig. 5. However, the input of the 
FLLrequires the differentiation of the flux. The CD-FLL 
scheme is sensitive to noise and clutter, which may lead to the 
estimation performance degradation. To mitigate the adverse 
effects caused by the pure differentiator, the TD is introduced 
to replace the pure differentiator to obtain the back EMF. The 
TD is typically expressed as [23]

1
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where v1 and v2 are the state variables, vr is the reference value 
of the state variable v1, and γ is the gain of the TD. Taking the 
estimated active flux into the TD can be obtained
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in which ψT
αβn is the tracking signal of the ψαβn. The block 

diagram of the TD-FLL scheme can be designed according 
to (15) and (17), as shown in Fig. 6. The TD-FLL scheme 
consists of three main parts, i.e., an AN unit of the flux, 
two TDs and a FLL unit. Speed can be estimated by simple 
mathematical operations. The TD is used to track the flux 
signal and obtain the back EMF. Seen from Fig. 7, the TD can 
avoid the disadvantages of amplifying noise caused by the 
CD. Therefore, the TD-FLL scheme is expected to achieve 
error-free tracking under ADCs and ensure excellent dynamic 
performance and stability margin due to do not introduce the 
feedback structure and additional parameter variables.

However, the TD-FLL scheme lacks anti-interference 
ability, and the accuracy of speed estimation depends on the 
acquisitionof the accurate flux. Taking the presence of DC 
offset disturbance as an illustrative example, the conventional 
openloop flux observer model is used to obtain flux informa-
tion, and the simulation test result is shown in Fig. 8.

IV. Implementation of the CLAFO

A. Introduction of Active Flux

The voltage model (VM) of IPMSM in synchronous reference 
frame (i.e., dq reference frame) can be expressed as

d
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in which ud, uq, id, iq ψf, Ld, Lq, Rs and ωe are d- and q-axis 
components of the stator voltage, d- and q-axis components of 
the stator current, the permanent magnet flux, the q- and q-axis 
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Fig. 5.  Block diagram of the CD-FLL scheme.

Fig. 7.  Estimation performance comparison between the CD-FLL scheme and 
the TD-FLL scheme.

Fig. 6.  Block diagram of the TD-FLL scheme.
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inductances, the stator resistance and the electrical angular 
speed. To decouple the position information, (18) can be 
reexpressed as
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t
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Furthermore, by transforming (19) to the stationary reference 
frame can be obtained that
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in which usα, usβ, isα, isβ and θe are α- and β-axis components 
of the stator voltage, α- and β-axis components of the stator 
current, and the rotor position, respectively. The expression of 
the active flux is defined as

( )a f d q dL L iψ ψ= + −                              (21)

The expression of the active flux in the dq reference frame 
can be expressed as
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0
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where ψad and ψaq are d- and q-axis components of the active 
flux. Obviously, the active flux coincides with the d-axis, and 

the rotor position information can be decoupled by observing 
the active flux. From (20) and (22), the expression of the active 
flux in the stationary reference frame can be expressed as
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in which ψaαv and ψaβv are α- and β-axis components of the 
active flux observed by the VM, respectively.

According to (21) and (22), the active flux in the stationary  
reference frame can be expressed as
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in which ψaαi and ψaβi are α- and β-axis components of the 
active flux from the current model (CM).

B. Properties of the CLAFO

The block diagram of the CLAFO is shown in Fig. 9, which 
the CM and the VM are combined through the PI controller. 
The active flux error is used to form the compensation of the 
back EMF through the PI controller, further realize the role of 
the correction flux.

Next, the transfer function of the CLAFO is derived in 
detail. From Fig. 9, the expression of the active flux estimated 
by the CLAFO can be obtained as
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where ψaαcl and ψaβcl are the active flux information obtained by 
the CLAFO, respectively. Eerrorα and Eerrorβ are the compensation 
signals of the back EMF. The compensation signal can be 
further expressed as
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where kp and ki are the gains of the PI controller, respectively. 

Fig. 8.  Estimation performance of the conventional open-loop flux observer 
model with DC offset.

Fig. 9.  Block diagram of the CLAFO.
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Taking (23) and (26) into (25) can be obtained
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C. Implementations of the Proposed Speed Estimation Scheme

Block diagram of the proposed speed estimation scheme is 
shown in Fig. 10, the CLAFO with excellent anti-disturbance 
performance is selected to achieve reliable estimation of active 
flux (the disturbance rejection of the CLAFO to DC offset and 
part parameter mismatch is analyzed in the next section). Then, 
on the basis of obtaining satisfactory active flux, the TD-FLL 
scheme is applied to estimate the speed accurately.

V. Disturbance Immunity Analysis of the CLAFO

A. Performance Analysis With DC Offset

When DC offset occurs in the system, the VM can be 
expressed as
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where ψDC
aαv, ψ

DC
aβv, Vα

DC and Vβ
DC are α- and β-axis components 

of the active flux observed by the VM with DC offset, α- 
and β-axis components of the magnitudes of DC offset, 
respectively.Thus, putting (28) into (27) yields that
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in which ψDC
aαβcl is α- and β-axis components of the active flux 

observed by the CLAFO with DC offset. The estimated active 
flux error can be obtained by subtracting (27) from (29), it 
gives that
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where ΔψDC
aαβcl is α- and β-axis components of the active flux 

error with DC offset. The final value theorem can be introduced 
to analyze the steady-state error of the CLAFO, (30) can be 
expressed as

200
lim (s) lim 0

DC
DC
a cl ss

p i

Vss
ss k s k

αβ
αβψ

→→
∆ = =

+ +
        (31)

Seen from (31), the error of the estimated active flux 
approach 0 with the disturbance of DC offset. That means, the 
CLAFO can suppress the adverse effects of DC offset, active 
flux estimated can be guaranteed with absence of the pure 
integrator.

Compared to the simulation result shown in Fig. 6, the 
simulation result presented in Fig. 11 demonstrates that the 
CLAFO can achieve accurate estimation of the active flux even 
in the presence of DC offset disturbances.

B. Performance Analysis With Stator Resistance Variations

When the stator resistance experience variations, the VM 
can be expressed as

( )R
a v s s s s q su R i Ri dt L iαβ αβ αβ αβ αβψ = − + ∆ −∫             (32)

where ψR
aαβv and ΔR are α- and β-axis components of the active 

flux observed by the VM with stator resistance variations and 
the magnitude of the stator resistance variations, respectively. 
By substituting (32) into (27), the expression of active flux 
with stator resistance variations can be obtained as
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(33)

where ψR
aαβcl is α- and β-axis components of the active flux 

observed by the CLAFO with stator resistance variations. 
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Fig. 10.  Block diagram of the proposed speed estimation scheme.

Fig. 11.  Estimation performance of the CLAFO with DC offset.
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Subtracting (27) from (33) yields the active flux estimation 
error caused by stator resistance variations, it gives that

2 2 2

2 2 2

( )

( )

R
a cl s

p i e

R e
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p i e

s ss RI
s k s k s
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ω
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ω

∆ = ∆ + + +

∆ = ∆
 + + +

             (34)

in which ΔψR
aαcl, ψ

R
aβcl and Is are α- and β-axis components 

of the active flux error with stator resistance variations and 
the amplitude of stator current, respectively. To analyze the 
effect of stator resistance variations on active flux estimation, 
applying the inverse Laplace transform in (34) can be obtained 
as [20]

( )

23

4 2 2 2

2

4 2 2 2

2
2

2

4 2 2 2

sin( ) cos( ) sin( )
( 2 )

cosh
( 2 )

(
2

( 2 )

e e p e e i eR
a cl s

e p i e i

bt
p e

s
e p i e i

p bti e i
p e

p e
s

e p i e i

t k t k t
RI

k k k

k a t e
RI

k k k
k k kk a t e

k
RI

k k k a

α

ω ω ω ω ω
ψ

ω ω

ω
ω ω

ω
ω

ω

ω ω

−

−

+ −
∆ = ∆

+ − +

−
  ∆

+ − +

−
−

  ∆
 + − + 

 

+

+

(35)

in which a and b can be expressed as

2
p

i  ,                          (36)

When the motor is running in the high-speed range, the 
approximate expression can be obtained as

                    (37)

Subsequently,
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With (38), (39) and (40), the time domain analysis is carried 
out to show that the estimated active flux error caused by 
the variations of stator resistance can also approach 0 when 
the motor runs at the medium-speed or high-speed range. 
Therefore, the CLAFO can deal with the issues of stator resis-
tance variations, promises a satisfactory active flux estimation.

C. Performance Analysis With d-Axis Inductance Variations

The effects of the d-axis inductance variations on the active 
flux estimation are further discussed. Seen from Fig. 9, the 
d-axis inductance parameter only exists in the CM, and the 
α-axis active flux expression with the d-axis inductance 
variations can be obtained

2

22

2

( ) ( ) ( )

ˆcos ( )

p iLD
a cl a v a i

p i p i

p i
d d

p i

k s kss s s
s k s k s k s k

k s k
i L s

s k s k

αααψ ψ ψ

θ

+
= +

+ + + +

+

+ +

  

(41)

where ΔLd and ψLD
aαcl are the magnitude of the d-axis inductance 

variations, α-axis components of the active flux observed by 
the CLAFO with d-axis inductance variations, respectively. By 
subtracting (27) from (41), the estimated active flux error with 
the d-axis inductance variations can be obtained
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            (42)

in which ΔψLD
aαcl is α-axis components of the estimated active 

fluxerror with d-axis inductance variations. Similarly, applying 
the inverse Laplace transform in (42) can be obtained
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Referring to (35)-(40), (43) can be finally expressed as

lim 0LD
a clt αψ

→∞
∆ ≈                                 (44)

With (44), it is indicated that when the d-axis inductance 
variations occur in the CLAFO, the active flux error will 
approach 0 with time. It is concluded from above analysis that 
the CLAFO can ensure a reliable estimation of active flux.

VI. Experimental Results

To verify the performance of the proposed TD-FLL scheme 
for IPMSM drives, extensive experimental tests are performed 
based on the block diagram of the overall sensorless control 
of IPMSM drives (see Fig. 12). The test bench of IPMSM 
drives is shown in Fig. 13, which includes a 3-kW IPMSM, 
an induction motor (emulated as the load), two inverters, an 
oscilloscope, and a host computer. The parameters of the test 
bench are listed in Table I.
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Focusing on the position estimation of the QPLL under 
ADCs, the speed command is set to 100 r/min → 500 r/min 
→100 r/min, the experimental test result is shown in Fig. 14. As 
seen from Fig. 14, the position estimation error under ADCs 
exceeds 0.25 rad, which will impact the stable operation of the 
sensorless control system for IPMSM.

To verify the speed estimation performance of the TD-
FLL scheme under ADCs and compared to that of the SOGI-
FLL  scheme. The speed command is set to 100 r/min → 500 
r/min→ 100 r/min, the experimental result in Fig. 15 shows 
the estimated speed of the TD-FLL scheme is almost identical 
to the actual speed, the estimated error is within a reasonable 
range. For comparison, set the same experimental conditions, 
Fig. 16 presents a speed estimation performance of the SOGI-
FLL scheme under ADCs. To make a clear illustration, the 
performance comparison of the two schemes is concluded 
in Tables II and III. As indicated in Tables II and III, the TD-
FLL scheme exhibits superior performance in terms of speed 
estimation accuracy under ADCs.

The sensorless control technology for IPMSM drives is 
expected to possess good estimation performance with load of 
sudden increasing and decreasing. As shown in Figs. 17 and 
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Fig. 12.  Block diagram of sensorless control system for IPMSM.

Fig. 13.  Experimental set-up of a 3-kW IPMSM.

Fig. 14.  Speed estimation performance of the QPLL under ADCs.

Fig. 15.  Speed estimation performance of the TD-FLL under ADCs.

Fig. 16.  Speed estimation performance of the SOGI-FLL under ADCs.

Parameter Value  Parameter Value 

Rated power  3 kW DC bus voltage  600 V 
Rated voltage  380 V Stator resistance  2.1 Ω
Rated current  6.5 A d-axis inductance  70 mH 
Rated speed  1500 r/min q-axis inductance  270 mH 
Pole pairs 2  Permanent magnetic flux 0.725 Wb 

TABLE I
Parameters of the IPMSM Drives System
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18, the speed command is set to 300 r/min and the load is set 
to 0 N·m → 8 N·m → 0 N·m, respectively. The results in Figs. 
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17 and 18 indicate that the TD-FLL scheme and conventional 
SOGI-FLL scheme can respond quickly and possess acceptable 
dynamic estimation performance.

Fig. 19 presents the suppression performance of the CLAFO 
with DC offset disturbance. The speed command is set to 300 
r/min and the magnitude of DC offset is set to 0 V → 5 V 
→ 0 V → -5 V, respectively. As shown in Fig. 19, when DC 
offset occurs in the CLAFO, the estimated speed and position 
information undergo a brief, slight oscillation followed by rapid 
convergence. The performance of the CLAFO with DC offset 
under low-speed range is further explored. Seen from Fig. 20, 
the speed command is set to 100 r/min and maintaining the 
same DC offset settings. Fig. 20 shows that the CLAFO can 
deal with DC offset disturbance under low-speed range and 
achieve good estimation performance.

Finally, the inhibitive effects of the CLAFO on the dis-
turbance of stator resistance variations and d-axis inductance 
variations are focused on. The experimental results with stator 
resistance variations as shown in Fig. 21, in which the speed 
command is set to 300 r/min and the magnitude of the stator 
resistance variations are set to 0 Ω→ 1.4 Ω → 0 Ω → -1.4 Ω, 
respectively. Seen from Fig. 22, suppression performance of 

the CLAFO with d-axis inductance variations is presented. 
The speed command is set to 300 r/min and the magnitude 
of the d-axis inductance variations are set to 0 mH→70 mH 
→ 0 mH →-70 mH, respectively. It can be seen from Figs. 
21 and 22 that by introducing CLAFO, the estimated speed 
convergent rapidly and the estimated position has negligible 
deviation when stator resistance variations or d-axis inductance 
variations occur in IPMSM drives.

To sum up, the proposed speed estimation scheme improves 
the estimation accuracy under ADCs while ensuring a good 
stability margin and dynamic performance of the system. 
The CLAFO achieves satisfactory suppression of DC offset, 
stator resistance variations and d-axis inductance variations 
disturbance, and improve the robustness of the sensorless 
control system for IPMSM.

Fig. 18.  Speed estimation performance of the SOGI-FLL with load of sudden 
increasing and decreasing.

Fig. 17.  Speed estimation performance of the TD-FLL with load of sudden 
increasing and decreasing.

Fig. 19.  Suppression performance of the CLAFO with DC offset.

TABLE II
Performance Comparison Between the TD-FLL Scheme and the SOGIFLL 

Scheme Under Acceleration Cases

TABLE III
Performance Comparison Between the TD-FLL Scheme and the SOGIFLL  

Scheme Under Deceleration Cases
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VII. Conclusion

The applicability of the QPLL scheme and the SOGI-FLL 
under ADCs may be challenged. To address this, an estimation 
scheme based on the CLAFO and the TD-FLL was proposed 
in this paper for IPMSM drives. In the proposed estimation 
scheme, the TD-FLL was carefully designed to improve 
estimation accuracy and the CLAFO was used to enhance the 
disturbance mitigation capability of the proposed estimation 
scheme. The performance of the proposed estimation scheme 
under different cases was extensively investigated through 
experimental tests. The results point out that the proposed 

estimation scheme achieves two interesting benefits of accurate 
estimation under ADCs and good disturbance rejection. 
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