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Dunzhi Chen, Student Member, IEEE, Xinglai Ge, Member, IEEE, Songtao Li, and Yun Zuo 
 

Abstract- Speed estimation schemes based on the closed-loop 

synchronization (CLS) methods for speed-sensorless control of 

motor drives attract much popularity due to several advantages, 

e.g., easy implementation, high flexibility, and acceptable 

performance. However, most of the existing CLS-based 

estimation schemes may suffer from performance degradation 

during frequency ramps. Considering this, an attempt of the 

type-3 phase-locked loop (PLL)-based scheme is made. This 

solution, however, may adversely affect the system dynamics and 

stability margin. To address these issues, an open-loop 

synchronization (OLS) method is proposed for speed-sensorless 

control of induction motor drives in this paper. In the proposed 

scheme, the estimated speed is obtained according to the 

sinusoidal signals and their time-delay signals, rather than 

increasing the system order. With this, system dynamics and 

stability margin are maintained. In practice, the disturbance of 

DC offsets is of concern in induction motor drives. Thus, a 

closed-loop flux observer is adopted to guarantee the estimation 

performance under DC offsets. The performance of the proposed 

OLS scheme is investigated and compared with that of the CLS 

schemes and the type-3 PLL scheme through experimental tests. 

Index Terms-Open-loop synchronization (OLS), speed 

estimation scheme, closed-loop flux observer, induction motor 

drives 

I. INTRODUCTION 

With strong demands of reliability enhancement and cost 

reduction, speed-sensorless control becomes increasingly 

popular in induction motor drives. The procedure involves 

estimating the speed information properly, and accordingly, 

removing speed sensors. This task is mostly carried out by 

using various speed estimation schemes, which can be roughly 

categorized into non-ideal-phenomena-based and model-based 

schemes [1], [2]. Poor flexibility and high complexity are two 

main barriers of the widespread application of the non-ideal-

phenomena-based estimation schemes [3], [4].  

 
Manuscript received September 10, 2020; revised November 30, 2020; 

accepted January 4, 2021. This work was supported by the High-Speed 

Railway Joint Funds of the National Natural Science Foundation of China 

(U1934204). (Corresponding author: Xinglai Ge.). 

H. Wang, X. Ge, S. Li and Y. Zuo are with the Ministry of Education Key 

Laboratory of Magnetic Suspension Technology and Maglev Vehicle, 

Southwest Jiaotong University, Chengdu 610031, China (e-mail: 

wanghuimin@my.swjtu.edu.cn;xlgee@163.com;SongtaoLi@my.swjtu.edu.cn; 

z _uoy_un@163.com). 

Y. Yang is with the Department of Electrical Engineering, Zhejiang 

University, Hangzhou 310027, China (e-mail: yh.yang@ieee.org) 

D. Chen is with the Department of Energy Technology, Aalborg University, 

Aalborg 9220, Denmark (e-mail: dch@et.aau.dk) 

 

As an alternative, the model-based schemes are highly 

preferable in speed-sensorless control of induction motor 

drives. Among model-based estimation methods, schemes 

using the closed-loop synchronization (CLS) techniques (e.g., 

phase-locked loop and frequency-locked loop) are of interest, 

due to being simple and providing satisfactory performance. 

As an attractive type of synchronization technique, phase-

locked loops (PLLs), which can synchronize the output signals 

with the input signals, are focused in power and energy 

applications [5], [6]. Generally, the PLLs behave 

unsatisfactorily with disturbances due to their insufficient 

disturbance attenuation capability. As a consequence, the 

PLL-based estimation schemes may suffer from performance 

degradation with disturbances (e.g., harmonics, DC offsets, etc) 

[7]-[12]. For example, an h-order harmonic component can 

result in an (h-1)-order ripple in the estimated quantities. To 

deal with this problem, the PLL-based estimation schemes 

assisted with different kinds of filters have been recommended 

in the literature [9]-[12]. More specifically, most of the PLL-

based estimation schemes employ a proportional-integral (PI) 

controller as the loop filter, which makes these schemes lose 

the ability of accurately tracking frequency ramps. This may 

present estimation errors in motor drives when the PLL-based 

schemes operate during acceleration and deceleration 

processes (i.e., the frequency experiences ramp changes).  

Frequency-locked loops (FLLs) are emerged as a type of 

promising synchronization technique in power and energy 

applications. Different from the PLLs being implemented in 

the synchronous reference frame (dq-frame), the FLLs 

generally work in the stationary reference frame (αβ-frame) 

[13]-[17]. The second-order generalized integrator-frequency-

locked loop (SOGI-FLL) is one of the notable FLL examples, 

which has been widely used in single-phase and three-phase 

grid-synchronization applications [15]-[17]. Similar to the 

PLL-based estimation schemes, the SOGI-FLL-based 

estimation schemes achieve unsatisfactory performance during 

acceleration and deceleration processes for motor drives. The 

inaccurate estimation of the PLL and the SOGI-FLL schemes 

during acceleration and deceleration processes may be a 

concern for induction motor drives. Particularly, this problem 

may be serious in the applications that require induction motor 

frequently work in acceleration and deceleration cases. With 

this, the PLL and the SOGI-FLL schemes are not preferable in 

terms of estimation accuracy. 

Performance improvement during frequency ramps can be 

attained mainly by two means: increasing the system order and 

introducing the compensation units. Type-3 PLL-based 

estimation schemes are typical representatives in terms of 
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increasing the system order, in which the PI-based LF is 

replaced by a new LF that has two poles at the origin [18]-[20]. 

By doing so, this PLL-type estimator can be regarded as a 

type-3 control system that can resolve the issue of frequency 

ramps properly. Besides, the increased-order PLL-based 

schemes including the type-3 enhanced PLL scheme [21], the 

feedforward-loop PLL scheme [22]-[24], the dual-loop PLL 

scheme [25]-[27], the steady-state linear Kalman filter-based 

PLL scheme [28], [29], have also been developed in the 

literature to tackle the frequency ramp challenge. Though 

being effective in tracking frequency ramps accurately, the 

increased-order PLL-based schemes may aggravate stability 

problem and prolong system dynamics. For example, the type-

3 PLL schemes may result in a concern of the negative gain 

margin. This may increase the risk of system instability. 

Alternatively, further attempts to improve the estimation 

performance by introducing additional compensation units 

into the PLL- and FLL-based estimation schemes are made in 

[30], [31]. This type of method features with faster dynamics 

and higher stability margin, compared with the increased-

order schemes. However, the presence of extra compensation 

units increases system complexity with more system 

parameters, and hence, requires more parameter tuning efforts. 

Additionally, the open-loop synchronization (OLS) 

technique is of growing interest since it cancels the feedback 

of the estimated quantities, and thus, offers fast dynamics 

[32]-[37]. Satisfactory estimation can be achieved by using the 

OLS technique under ideal conditions, while this situation 

becomes tough when disturbances appear in the inputs. 

Therefore, the OLS methods accomplish the synchronization 

task incorporating with various filters to enhance disturbance 

elimination capability, e.g., the αβ-frame cascaded delayed 

signal cancellation (CDSC)-based filter [32], [33], the finite-

impulse-response (FIR) filter [34], and the moving average 

filter (MAF) [35]. By doing so, the performance is guaranteed 

but at the cost of requiring more computational efforts.  

In light of the above, in this paper, a speed estimation 

scheme based on the OLS method (hereafter, referred to as the 

OLS scheme) is proposed for speed-sensorless control of 

induction motor drives. The rest of this paper is organized as 

follows. In Section II, two typical examples of the CLS-based 

estimation schemes, i.e., the PLL and SOGI-FLL schemes, are 

briefly introduced, as well as the performance analysis during 

frequency ramps. To achieve satisfactory estimation accuracy, 

an attempt of the type-3 PLL scheme is implemented, as 

presented in Section III. Meanwhile, the properties of the type-

3 PLL scheme are also analyzed. The OLS scheme is then 

elaborated in Section IV. In this scheme, the estimated speed 

is obtained from the sinusoidal signals and their time-delay 

signals. It is revealed that the estimation performance is 
degraded due to the DC offsets. Considering this, a closed-

loop flux observer is employed in the OLS scheme in Section 

V to mitigate the adverse effect of DC offsets. In Section VI, 

the performance of the OLS scheme is investigated and it is 

benchmarked with the prior-art CLS schemes and the type-3 

PLL scheme through experimental tests. Finally, concluding 

remarks are provided in Section VII. 

Yrα αβ

dq
ω̂

kp ++

ki/s

PD LF VCO

 

V̂

Yrb

Yrd

Yrq
θr̂

θr̂

 
Fig. 1. Block diagram of the PLL scheme (PD: phase detector; LF: loop filter; 

VCO: voltage-controlled oscillator), in which Ψrα, Ψrβ, Ψrd, Ψrq, kp, ki, V̂ , 

ω̂ , ˆ
rθ are α-, β-, d- and q-axis components of the rotor flux (as the inputs), the 

gains of LF, the estimated amplitude of the rotor flux, the estimated frequency 

and the estimation of the rotor flux phase, respectively. 

θr +－ kp ++
ω̂ 1

s
θe

ki/s

θr̂

θr̂

V̂

 
Fig. 2. Small signal model of the PLL scheme, in which θr and θe are the rotor 
flux phase and the phase estimation error, respectively. 

II. PERFORMANCE ANALYSIS OF THE EXISTING CLOSED-

LOOP SYNCHRONIZATION-BASED SCHEMES 

A. Performance Analysis of the PLL Scheme 
The block diagram of the PLL-based estimation scheme for 

motor drives is shown in Fig. 1. Here, three parts, e.g., the 

phase detector (PD), the loop filter (LF), and the voltage-

controlled oscillator (VCO), can be found in this scheme [7]-

[12]. Also, it can be observed that the inputs of the PLL 

scheme are rotor flux. To further analyze the performance, the 

corresponding small signal model of the PLL-based scheme is 

illustrated in Fig. 2. As mentioned previously, the PLL scheme 

may present apparent estimation errors when tracking 

frequency ramps. This is further demonstrated as follows. 

Based on Fig. 2, the open-loop transfer function Gol
PLL(s) can 

be obtained as 

2

ˆ ˆ
ˆ( )

ˆ
p iPLL r r

ol

er r

k s kθ θ
G s V

θ sθ θ


  


                (1) 

Accordingly, the phase-error transfer function Ge
PLL(s) can be 

given by  
2

2

1
( )

ˆ ˆ1 ( )

PLL

e PLL

ol p i

s
G s

G s s Vk s Vk
 

  
              (2) 

When the inputs have a frequency ramp change (h/s2), 

corresponding to the phase change (h/s3), the phase estimation 

error can be obtained as 

3 2

1
Δ ( ) ( )

ˆ ˆ
PLL PLL
e e

p i

h h
θ s G s

ss s Vk s Vk
 

 
                 (3) 

where h and Δθe
PLL are the gain of the frequency ramp and the 

phase estimation error, respectively. Then, the phase 

estimation error can be calculated by applying the final value 

theorem. That is, 

20 0
Δ ( ) lim Δ ( ) lim

ˆ ˆ ˆ( )

PLL PLL
ess e

s s
p i i

h h
θ s s θ s s

s s Vk s Vk Vk 
  

 
 (4) 
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Ŷrαβ
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Fig. 3. Block diagram of a typical SOGI-FLL scheme (SOGI-QSG: second-
order generalized integrator-based quadrature signal generator; FLL: 

frequency-locked loop), in which Ψr, εe, εf, ω̂ , ˆre , ˆ
rΨ , ˆ

rqΨ , k and Г are the 

rotor flux (as the inputs), the synchronization error, the frequency error, the 

estimated frequency, the estimated rotor back electromotive force (EMF), the 
estimated rotor flux, the quadrature term of the estimated rotor flux, and the 

gains of the SOGI-FLL scheme, respectively, and α, β indicate the α- and β-

axis components of the corresponding variable, respectively: (a) the SOGI-
QSG and (b) the FLL with a gain normalization unit. 

ω ω̂2Γ 
ω̂

 +－

 
Fig. 4. Simplified model of the FLL scheme. 

According to the above analysis, it is indicated that the PLL 

scheme tracks frequency ramps with an obvious phase 

estimation error, i.e., (4). The phase estimation error can be 

mitigated by increasing the PLL bandwidth (i.e., increasing 

the value of ki). The disturbance immunity of the high-

bandwidth PLL scheme, nevertheless, is degraded. 

B. Performance Analysis of the SOGI-FLL Scheme 
Fig. 3 presents the block diagram of a typical SOGI-FLL 

scheme. As seen in Fig. 3, the inputs of the SOGI-FLL scheme 

are rotor flux signals. And, two SOGI-based quadrature signal 

generators (SOGI-QSGs) work in parallel to provide the 

estimated signals of the inputs. Then, a gain normalization unit 

is adopted to make the SOGI-FLL scheme free from gain 

variations. Eventually, the FLL is adopted to provide 

frequency estimation [15], [16].  

According to Fig. 3, the frequency characteristic of the 

SOGI-FLL scheme can be given by [15], [16] 

ˆ )ˆ2 (ω Γ ω ω                               (5) 

According to (5), the simplified model of the SOGI-FLL 

scheme can be depicted in Fig. 4. According to Fig. 4, the 

open-loop transfer function of the SOGI-FLL scheme Gol
FLL(s) 

can be obtained as 

ˆ 2
( )

ˆ

FLL
ol

ω Γ
G s

ω ω s
 


                            (6) 

αβ

dq
ω̂

a

b/s

c/s2

++
+

V̂

PD LF VCO

 

Yrα

Yrb

Yrd

Yrq
θr̂

 
Fig. 5. Block diagram of the type-3 PLL scheme, in which a, b, and c are the 

gains of the LF. 

+－

a

b/s

c/s2

++
+ ω̂ 1

s
θe

V̂θr

θr̂

θr̂

 
Fig. 6. Small signal model of the type-3 PLL scheme. 

Subsequently, the frequency-error transfer function Ge
ω(s) can 

be given by 

1
( )

21 ( )

ω
e FLL

ol

s
G s

s ΓG s
 


                (7) 

When the inputs with a frequency ramp (h/s2) are applied, and 

the frequency estimation error can be given by 

2 ( 2
Δ ( ) ( )

)

FLL ω
e e

s

h h
ω s G s

s s Γ



                 (8) 

According to the final value theorem, the frequency estimation 

error is calculated as 

0 0
Δ ( ) lim Δ ( ) lim 0

( 2 ) 2

FLL FLL
ess e

s s

h
ω s s ω s

h
s

s s Γ Γ 
   


         (9) 

suggesting that an apparent frequency estimation error appears 

in the SOGI-FLL scheme. Though increasing the value of Γ 

can reduce frequency estimation error, the dynamics of the 

SOGI-FLL scheme will be deteriorated [16].  

According to the above analysis, the estimation errors 

appear in the PLL and the SOGI-FLL schemes with frequency 

ramps. When these schemes are applied in induction motor 

drives, estimation errors during acceleration and deceleration 

processes may be observed. This can pose a problem for the 

applications that require induction motor frequently operate 

during acceleration and deceleration processes [38]. 

III.TYPE-3 PLL SCHEME 

The type-3 PLL scheme for accurate estimation is presented 

in this section, in which the performance analysis and 

dynamics assessment of the type-3 PLL scheme are included. 

A. Performance Analysis of the Type-3 PLL Scheme 
A typical type-3 PLL scheme is shown in Fig. 5, from 

which it is known that the main difference between the type-3 

PLL scheme and the PLL scheme is the LF [18]-[20]. That is, 

in the type-3 PLL scheme, the PI-based LF is replaced by a 

new LF that has two poles at the origin. With this, the entire 

scheme becomes a type-3 control system that can deal with the 

frequency ramps properly. Based on Fig. 5, the small signal 

model of the type-3 PLL scheme is obtained, which is 

illustrated in Fig. 6. Accordingly, the open-loop transfer 
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function is obtained as 
2

3

ˆ ˆ( )
( )TPLL r

ol

e

θ V as bs c
G s

θ s

 
                (10) 

Subsequently, the phase-error transfer function can be 

obtained as 
3

3 2

1
( )

ˆ ˆ ˆ1 ( ) +

TPLL

e TPLL

ol

s
G s

G s s Vas Vbs Vc
 

  
        (11) 

The phase error with frequency ramps can be given by  

3 3 2
Δ ( ) ( )

ˆ ˆ ˆ+

TPLL TPLL
e e

h h
θ s G s

s s Vas Vbs Vc
 

 
       (12) 

Using the final value theorem, it can be calculated as  

3 20 0
Δ ( ) lim Δ ( ) lim 0

ˆ ˆ ˆ+

TPLL TPLL
ess e

s s

h
θ s s θ s s

s Vas Vbs Vc 
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 
 (13) 

which indicates that the type-3 PLL scheme can track 

frequency ramps accurately.  

B. Dynamics Assessment of the Type-3 PLL Scheme 
The accurate estimation during acceleration and 

deceleration processes is realized by implementing the type-3 

PLL scheme at cost of increasing the system order. This, 

however, may lead to several concerns. A major concern in 

the type-3 PLL scheme is the negative gain margin. This is 

further elaborated as follows. The open-loop transfer function 

of the type-3 PLL scheme (10) can be rewritten as  

1 2

3

ˆ ( )( )
( )TPLL r

ol

e

θ s ω s ω
G s l

θ s

 
                  (14) 

where l, ω1 and ω2 are the gains of the LF. To simplify the 

analysis, considering ω1 = ω2 = ωq, it can be deduced that  
2

3

( )
( )

qTPLL

ol

s ω
G s l

s


                           (15) 

Accordingly, the amplitude-frequency and the phase-

amplitude characteristics of the type-3 PLL scheme can be 

described as  
2 2

3
( ) ( )

qTPLL

ol

ω ω
A jω G jω l

ω


                  (16) 

3
( ) 2arctan( )

2

TPLL

ol

q

ω
φ G jω π

ω
                   (17) 

Based on (16) and (17), the phase margin (PM) and the gain 

margin (GM) of the type-3 PLL scheme can be given by  

 
1

( ) 2[arctan( )]
2

TPLL c
ol c

q

ω
PM G jω π π

ω
            (18) 

3

2 2

1
20lg[ ] 20lg[ ]

| ( )| ( )

g

TPLL
ol g g q

ω
GM

G jω l ω ω
 


         (19) 

with ωc and ωg being the amplitude crossing frequency and the 

phase crossing frequency, respectively. Moreover, it can be 

obtained as  

( ) 1TPLL
ol cG jω                                  (20) 

( )TPLL
ol gG jω π                                 (21) 

Then, 
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Fig. 7. Relationship between the gain margin (PM) and the phase margin (PM) 
of the type-3 PLL scheme. 

2 2

3
1

c q

c

ω ω
l

ω


                                 (22) 

g qω ω                                      (23) 

(18) can be rewritten as  

1 1
2[arctan( )] 2

2 2

c
q

q

ω
PM π φ π

ω
               (24) 

Then, 

tan( ) c
q

q

ω
φ

ω
                                 (25) 

Based on (24), it can be deduced that  

tan( ) sec( ) tan qPM PM φ                       (26) 

Substituting (26) into (25) gives  

1

tan( ) sec( )

q

c

ω

ω PM PM



                 (27) 

According to (25), it can be obtained as 

2 2
sin( ) c

q

q c

ω
φ

ω ω



                        (28) 

Substituting (28) into (22) gives  

2

1

(sin )

c

q

ω

l φ
                                 (29) 

According to (24), it can be obtained that 

21
sin( ) 1 sin(2 ) 1 2[sin( )]

2
q qPM φ π φ                 (30) 

Subsequently,  

2

sin( ) 1

cω

l PM



                           (31) 

Based on (23), (27) and (31), the GM can be rewritten as 
3

2 2

2

20lg[ ] 20lg( ) 20lg( )
2 2( )

1 1
20lg[ ]

tan( ) sec( ) sin( ) 1

cos( )
20lg{ }

[sin( ) 1]

g q q c

cg q

ω ω ω ω
GM

l ω ll ω ω

PM PM PM

PM

PM
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

 
 




      (32) 

Observations in (32) indicate that the GM of the type-3 PLL 

scheme is highly related to the PM. The PM of the type-3 PLL 

scheme is reasonable within the range from 40°-50°. Due to 

this, the GM of the type-3 PLL scheme is negative, as shown 

in Fig. 7. The negative GM may aggravate the stability 
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problem in the type-3 PLL scheme [30]. Furthermore, the 

type-3 PLL scheme increases the system order with more 

parameters. Therefore, this scheme may affect system 

dynamics and require more parameters tuning efforts. 

IV. OPEN-LOOP SYNCHRONIZATION SCHEME 

From the aforementioned analysis, the existing CLS-based 

estimation schemes (e.g., PLL- and SOGI-FLL-based schemes) 

may not provide accurate estimation during acceleration and 

deceleration processes. Additionally, though being effective to 

improve estimation performance during acceleration and 

deceleration processes, the type-3 PLL scheme may result in 

new concerns in the estimation scheme, e.g., negative gain 

margin and degraded dynamics. Considering this, an OLS 

scheme is presented in this section, in which the estimated 

frequency is provided from the inputs and their time-delay 

signals, rather than increasing the system order. 

A. OLS Scheme Under Ideal Condition 
Assuming the inputs of the OLS scheme (i.e., rotor flux) are 

purely sinusoidal signals with unity amplitudes under ideal 

conditions: 

( ) cos( )

( ) sin( )

rα

rβ

Ψ t ωt φ

Ψ t ωt φ

 


 
                          (33) 

in which ω and φ are the frequency and the initial phase of the 

rotor flux. (33) can be rewritten in the discrete form, as 

( ) cos( )

( ) sin( )

rα s

rβ s

Ψ k kωT φ

Ψ k kωT φ

 


 
                       (34) 

where Ts is the sampling time. Applying a time delay to the 

inputs gives  

( ) cos[ ( ) ]

( ) sin[ ( ) ]

rα s

rβ s

Ψ k τ ω kT τ φ

Ψ k τ ω kT τ φ

   


   
               (35) 

where τ is the delay time. Subsequently, it can be obtained that  

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

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

rα s s

rβ s s

Ψ k τ kωT φ ωτ kωT φ ωτ

Ψ k τ kωT φ ωτ kωT φ ωτ

    


    
 

(36) 

Based on (34) and (35), it can be deduced that 

cos( ) ( ) ( )+ ( ) ( )rα rα rβ rβωτ Ψ k τ Ψ k Ψ k τ Ψ k        (37) 

Then, the estimated frequency can be obtained as 

arccos[ ( ) ( )+ ( ) ( )]rα rα rβ rβΨ k τ Ψ k Ψ k τ Ψ k
ω

τ

 
         (38) 

which shows that the estimated frequency is obtained based on 

the sinusoidal signals. Compared with the type-3 PLL scheme, 

the OLS scheme without increasing the system order is a more 

promising option in terms of acceptable dynamics and high 

stability margin. 

B. OLS Scheme with Distorted Inputs 
In the ideal condition (i.e., the inputs are free from 

disturbances), the OLS scheme can achieve satisfactory 

estimation. However, this situation is not always true because 

disturbances will inevitably appear in the inputs in practice. 

When considering the presence of distortions, the inputs of the 

OLS scheme can be expressed as 

 

 

( ) cos + ( )

( ) sin + ( )

rαh hα

rβh hβ

Ψ t ωt φ δ t

Ψ t ωt φ δ t

 


 

                       (39) 

where δhα(t) and δhβ(t) are the distortion components, 

respectively. The same method is applied, and it can be 

obtained that 

( ) ( ) ( ) ( ) cos( )+ ( )rαh rαh rβh rβhΨ k τ Ψ k Ψ k τ Ψ k ωτ H k        (40) 

Here, H(k) is the disturbance component considering the effect 

of distortions, and it can be described as 

1 2 3 4 5 6( ) ( ) ( ) ( ) ( ) ( ) ( )H k h k h k h k h k h k h k           (41) 

with, 

1

2

3

4

5

6

( ) [cos( ) cos( ) sin( )sin( )] ( )

( ) cos( ) ( )

( ) ( ) ( )

( ) [sin( ) cos( ) cos( )sin( )] ( )

( ) sin( ) ( )

( ) ( ) ( )

s s hα

s hα

hα hα

s s hβ

s hβ

hβ hβ

h k kωT φ ωτ kωT φ ωτ δ k

h k kωT φ δ k τ

h k δ k τ δ k

h k kωT φ ωτ kωT φ ωτ δ k

h k kωT φ δ k τ

h k δ k τ δ k

   


  
  
    


  

 





 

Eventually, the estimated frequency when considering the 

effect of distortions can be given by 

arccos[ ( ) ( ) ( ) ( )]

arccos[cos( )+ ( )]
=

rαh rαh rβh rβh

h

Ψ k τ Ψ k Ψ k τ Ψ k
ω

τ

ωτ H k

τ

  


   (42) 

where ωh is the estimated frequency with distorted inputs. 

According to (42), when the inputs are distorted, the 

estimation performance of the OLS scheme experiences 

obvious performance degradation.  

C. OLS Scheme with A Robust Adaptive Law 
When distortions appear in the inputs, the estimation 

performance of the OLS scheme is degraded. To address this, 

a robust adaptive law is adopted in the OLS scheme. This is 

further elaborated as follows. Considering a linear parametric 

model with model errors, that is  

( ) ( ) ( )t t t*T
ξ = G χ - κ                         (43) 

where G*T∈Rn (R means the set of real number) is an 

unknown parameter vector, ξ(t)∈R is a measured vector, χ(t)

∈Rn is a known parameter vector, κ(t) is the model system 

errors, respectively. Let GT be the estimated value of GT* and 

define the estimation error as 
*( ) ( ) ( )t t t T T

τ G χ G χ                         (44) 

A standard gradient algorithm is used to update the estimation 

of GT*. That is, the cost function is defined as  
2

2 2

( ) ( )

2 2

t t

m m
 

T T
τ G χ χ G

J                      (45) 

where 
*T T T

G = G G  and m is a normalized signal which is 

independent on GT. Accordingly, it can be given by  
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Fig. 8. Block diagram of the OLS scheme with a robust adaptive law.

2
( )

d d d

dt d d

t
m

 

 

T

T

J τ
G Γ

τ G

τ
Γ χ

                       (46) 

where Γ is a gain matrix and Γ = ΓT > 0. Moreover, m can be 

described as 

+ ( ) ( )m υ t t T
χ χ                           (47) 

with υ being a designed parameter. When considering the 

effect of the system errors κ(t) in (43), the estimation error 

should be re-defined as 

( ) ( )+ ( )t t t T
ε G χ κ                       (48) 

Accordingly, the estimation of GT* should be modified as 

2
( )+ ( )

d
t t

dt m
 T τ

G Γ χ f                      (49) 

where f(t) is a modification term for robustness with respect to 

model errors κ(t). A so-called σ-modification method is used 

to obtain the robustness [39], which is given by 

( )t   T
f σG                                 (50) 

in which σ>0 is a constant designed parameter. Then, the 

modified estimation of GT* can be obtained as 

2
( )

d
t

dt m
  T Tτ

G Γ χ σG                      (51) 

Then, the discrete form of (51) can be written as 

2

( )
( 1) ( ) ( ) ( )

k
k k k k

m
    T T Tτ

G G Γ χ σG          (52) 

Finally, it can be obtained that  

2

( )
( 1) ( ) ( ) ( )

k
k k k k

m
   T T Tτ

G G Γ χ σG              (53) 

According to the above analysis, the OLS scheme with a 

robust adaptive law is used, and the output error is defined as  

ˆ( ) cos( ) [ ( ) ( ) ( ) ( )]rαh rαh rβh rβhς k ωτ Ψ k τ Ψ k Ψ k τ Ψ k       (54) 

where ς(k) is the output error. Substituting (40) into (54) 

yields 

ˆ

ˆ( ) cos( ) cos( ) ( )

= ( ) ( )

γ γ

γ

ς k ωτ ωτ H k

ς k H k

  



              (55) 

To accurately estimate the term of cos(ωτ), a robust adaptive 

law in (53) is employed as  

2

( )
ˆ ˆ( 1) ( ) ( )

λς k
γ k γ k X k

w
                  (56) 

where λ and w are the gains of the control system, X(k) is the 

modification term for robustness with respect to H(k), and X(k) 

can be designed as 

ˆ( ) ( )X k ηγ k                               (57) 

with η being the adaptation gain, and η∈(0, 0.5). Then, the 

estimated frequency can be obtained as 

ˆarccos[ ( )]
ˆ

γ k
ω

τ
                            (58) 

According to the above analysis, the block diagram of the 

OLS scheme with a robust adaptive law is presented in Fig. 8.  

D. Performance Analysis of the OLS Scheme  
Additionally, the impact of the DC offsets on different 

schemes is explored, and the results are presented in Fig. 9. As 

expected, the performance of the CLS-based schemes is 

worsened because of the DC offset in inputs. More 

specifically, the DC offset causes large oscillations in the 

estimated phase and frequency [see Figs. 9(a) and 9(b)]. 

Unfortunately, this situation also occurs in the OLS scheme. 

As shown in Fig. 9(c), oscillatory ripples appear in the OLS 

scheme due to DC offsets. In motor drives, the DC offset is 

often inevitable in the measured signals. Therefore, further 

efforts should be made to remove the effect of DC offsets, 

considering the application of the OLS scheme for induction 

motor drives. 

V. SPEED ESTIMATION SCHEME BASED ON THE OLS METHOD 

The implementation of the OLS scheme for speed-

sensorless-controlled induction motor drives is detailed in this 

section, in which the DC offsets will be addressed by using a 

closed-loop flux observer.  

A. Practical Implementation of the OLS Scheme 
The practical implementation of the OLS scheme is 

depicted in Fig. 10. As shown, several units, e.g., a closed-

loop flux observer, an amplitude normalization (AN) unit, and 

the OLS-based scheme, can be observed. The closed-loop flux 

observer is mainly responsible for providing the estimated 

rotor flux and robustness against the DC offsets. After the AN 

stage, the estimated rotor flux is used as the inputs of the OLS 

scheme. Then, the estimated frequency can be calculated 

through the OLS scheme. In addition, the estimated rotor flux 

phase (which is used as the flux-orientation phase) and the 

estimated slip frequency (which is used for the calculation of 

the rotor speed) are obtained from the closed-loop flux 

observer. Eventually, the estimated rotor speed is calculated as 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on January 15,2021 at 10:27:43 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3050805, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

42

46

50

54

58

Time (0.2 s/div)

F
re

q
u

e
n

c
y
 

(H
z)

-8

-4

0

4

8

F
re

q
u

e
n

c
y
 e

rr
o

r 

(H
z)

50 Hz DC offset

F
re

q
u

e
n

c
y
 

(H
z)

-0.4

0

0.4

0.8

1.2

P
h

a
se

 e
rr

o
r 

(d
e
g
)

50 Hz DC offset

Time (0.2 s/div)

42

46

50

54

58

F
re

q
u

e
n

c
y
 

(H
z)

-8

-4

0

4

8

F
re

q
u

e
n

c
y
 e

rr
o

r 

(H
z)

50 Hz DC offset

Time (0.2 s/div)

Estimated
Actual

Estimated
Actual

42

46

50

54

58

Estimated
Actual

 
(a)                                                                            (b)                                                                            (c) 

Fig. 9. Estimation performance of different schemes with a DC offset of +1 A: (a) the PLL scheme, (b) the SOGI-FLL scheme, and (c) the OLS scheme.
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Fig. 10. Implementation of the OLS scheme, in which a closed-loop flux 
observer is used to address the issue of DC offsets: (a) the block diagram of 

the OLS scheme and (b) the block diagram of the amplitude normalization. 

ˆ ˆ ˆ
r slw w w                                 (59) 

where ŵ , ˆ
rw  and ˆ

slw  are the estimated frequency provided 

by the OLS scheme, the estimated rotor speed and the 

estimated slip frequency from the closed-loop flux observer. 

And,  

2

ˆ ˆ( )
ˆ

ˆ

v v
r s s s s

sl
v
r

R i ia b b aY Y
w

Y


                       (60) 

in which ˆ v
saY , ˆ v

saY , ˆ v
rY and Rr are the α- and β-axis 

components of the estimated stator flux, the estimated rotor 

flux amplitude and the rotor resistance, respectively. 

B. Closed-Loop Flux Observer 
In the implementation of the OLS scheme, a closed-loop 

flux observer is adopted to enhance the robustness against the 

DC offsets, which is illustrated in Fig. 11. In Fig. 11, usαβ, isαβ, 

Ψsαβ
i, Ψrαβ

i, ˆ v

sabY , ˆ v

rabY , ˆ
r  and Rs are the stator voltage 

vector, the stator current vector, the stator flux vector in the 

current model (CM), the rotor flux vector in the CM, the 

estimated stator flux vector in the voltage model (VM), the 

estimated rotor flux vector in the VM, the estimated rotor flux 

phase and the stator resistance, correspondingly.  

Yrαβ(Ysαβ ,isαβ ) PI

isαβ 
ˆ
rj

e Yrdq (isdq)
isdq

Current Model

ˆ
rj

e
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-
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Fig. 11. Block diagram of the closed-loop flux observer. 

The closed-loop flux observer is considered as the adaptive 

combination of two common flux observers (i.e., VM- and 

CM-based flux observers). It can be accepted as a model 

reference adaptive system and the two open-loop flux 

observers are regulated together by a PI controller. By doing 

so, the closed-loop flux observer is expected to be able to 

tackle the challenge of DC offsets [40]. The closed-loop flux 

observer is analyzed as follows. The VM- and the CM-based 

flux observer in the αβ-frame are expressed as 

 

 
2

2

v
sα sα s sαsα

v
sβ sβ sβ s sβ

v s r mr
sα sαv

rα m m

v
rβ v s r mr

sβ sβ

m m

e u R iΨ

Ψ e u R i

L L LL
Ψ i

Ψ L L

Ψ L L LL
Ψ i

L L

     
      
           
     

   
      
  

 

 

                   (61) 

1

1

i i i m
rα rα r rβ sα

r r

i i i m
rβ r rα rβ sβ

r r

L
Ψ Ψ ωΨ i

T T

L
Ψ ωΨ Ψ i

T T

  
     

  


 
   

 





                  (62) 

where esα, esβ, Ls, Lr, Lm, Tr and ωr are the α- and β-axis 

components of the stator back electromotive force signals 

(EMFs), the stator inductance, the rotor inductance, the 

magnetizing inductance, the rotor time constant and the rotor 
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speed, respectively. Moreover, Tr = Lr/Rr. Based on (62), the 

CM in the dq-frame can be represented as  

 

 

1
+

1

i i i m
rd rd s r rq sd

r r

i i i m
rq s r rd rq sq

r r

L
Ψ Ψ ω ω Ψ i

T T

L
Ψ ω ω Ψ Ψ i

T T

  
     

  


 
     

 





         (63) 

In the rotor flux-orientation control system, the rotor flux in 

the dq-frame can be described as 

0

rd r

rq

Ψ Ψ

Ψ

 



                                   (64) 

in which |Ψr| is the amplitude of rotor flux. Substituting (64) 

into (63), and the CM in the dq-frame can be rewritten as  

+

= 0

i m

rd r sd

r

i

rq

L
Ψ Ψ i

1 pT

Ψ


 





                        (65) 

with p being the differential operator. Then, the stator flux 

provided by the CM can be obtained as 

2i i
s s rs r m m

i i
sr rs r

iL L L L

iL L

a a a

bb b

Y Y

Y Y

    
     

       

                (66) 

In order to alleviate the effect of the DC offsets, a DC-offset 

compensation term ecomαβ is adopted in the VM: 

 

 

ˆ +

ˆ +

v
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v
s s s s com

u R i e
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b b b b
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


                (67) 

And, the compensation unit of the DC offsets can be realized 

by  

ˆ

ˆ

i v
com s sio

po i v
com s s

PI

e k
k

e s

a a a

b b b

Y Y

Y Y
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      

             (68) 

in which kpo and kio are the gains of the compensation unit. 

Eventually, the estimated rotor flux can be given as  

2ˆ ˆ

ˆ ˆ

v v
r s ss r m r

v v
sm mr s

iL L L L

iL L

a a a

bb b

Y Y

Y Y

    
      

       

           (69) 

Moreover, the estimated rotor flux phase can be calculated as  

ˆ
ˆ arctan( )

ˆ

v
r

r v
r

b

a

Y


Y
                             (70) 

In addition to providing good immunity to DC offsets, it is 

worth noting that the estimated speed is not fed back into the 

closed-loop flux observer, and thus, this observer is insensitive 

to speed estimation errors. Moreover, the rotor flux estimation 

of this observer can mitigate the lagging effect of the speed 

estimation. 

Simulations are performed to investigate the performance of 

the closed-loop flux observer, and the performance of the VM-

based flux observer is also provided as a comparison, which 

can be found in Fig. 12. In this case, the reference value of 

rotor flux in induction motor drives and the DC offset are set 

to 1.13 Wb and 0.5 V, respectively. 
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Fig. 12. Flux estimation by using different flux observers with DC offsets: (a) 

the VM-based flux observer and (b) the closed-loop flux observer. 

TABLE I 

PARAMETERS OF THE INDUCTION MOTOR  

Parameter Value Parameter Value 
Rated Power (kW) 2.2 Stator resistance (Ω) 3.67 

Rated voltage (V) 220 Rotor resistance (Ω) 2.32 

Rated current (A) 5.1 Stator inductance (mH) 244.2 

Phase 3 Rotor inductance (mH) 247.3 

Pole pairs 2 Magnetizing inductance (mH) 235 

 

As shown in Fig. 12(a), serious distortions occur in the 

estimated rotor flux when the DC offset is introduced into the 

VM-based flux observer. Meanwhile, the disturbance of the 

DC offsets causes obvious ripples in the amplitude of 

estimated rotor flux. However, the estimated rotor flux 

provided by the closed-loop observer makes a considerable 

performance enhancement with the disturbance of DC offsets. 

That is, no obvious distortions appear in the estimated rotor 

flux and the growing oscillations in the amplitude of estimated 

rotor flux are absent [see Fig. 12(b)]. According to the 

performance comparison, it is evident that the closed-loop flux 

observer is a good option to attenuate the DC offsets. 

VI. EXPERIMENTAL RESULTS 

To validate the effectiveness of the OLS scheme, 

experimental tests are carried out referring to the block 

diagram of the entire speed-sensorless-controlled induction 

motor drives in Fig. 13. The experiment set-up is shown in Fig. 

14, which consists of a Danfoss FC302 inverter, a 2.2-kW 

induction motor, a mechanically coupled load surface-

mounted permanent-magnet synchronous motor (SPMSM) 

and a dSPACE 1103. The parameters of the induction motor 

are listed in Table I. 
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Fig. 13. Block diagram of the speed-sensorless-controlled induction motor 
drives (SVPWM- Space vector pulse-width modulation). 

 

The performance of the OLS scheme under speed command 

variations is firstly presented in Fig. 15. In this case, the speed 

command is changed from 1000 r/min to 1300 r/min, and then 

decreases to 1100 r/min. As shown in Fig. 15, when enabling 

the OLS scheme, the estimated speed makes a good agreement 

with the actual speed, and accordingly, the estimation error is 

within a reasonable range. Meanwhile, the performance of the 

SOGI-FLL scheme is provided as a comparison, which is 

illustrated in Fig. 16. To make a fair comparison, the test case 

of the SOGI-FLL scheme is the same as that in Fig. 15. 

Observations in Fig. 16 indicate that the SOGI-FLL scheme 

behaves unsatisfactorily during acceleration and deceleration 

processes. That is, obvious estimation errors can be observed. 

This situation, however, can be effectively mitigated by 

implementing the OLS scheme. Additionally, the estimated 

rotor flux phase provided by the OLS scheme works well in 

the entire speed range, as shown in Fig. 17. 

The performance of the OLS scheme in response to load 

variations is also investigated, and the corresponding results 

are depicted in Fig. 18. In this case, the load is varied from 2 

N m to 6 N m, and then back to 4 N m. From the test results 

shown in Fig. 20, when the load variations occur, the OLS 

scheme achieves satisfactory estimation and fast response.  

It is known that the DC offset is a serious issue in 

estimation schemes because even a small DC offset may cause 

large oscillations in the estimated quantities. To make a 

performance assessment of the OLS scheme with DC offsets, 

the corresponding experimental test is conducted, in which the 

DC offset is set to 0.5 V and 0.3 V, respectively. The results in 

Fig. 19 demonstrate that the closed-loop flux observer offers 

good robustness against the DC offsets. Consequently, the 

estimated rotor flux is immune to the effect of DC offsets, and 

accordingly, the estimation of the OLS scheme is maintained.  

The performance of the OLS scheme with distorted inputs is 

evaluated through experimental tests, and compared with that 

of the PLL scheme. In this case, the distortions, consisting of 

250 Hz and 350 Hz sinusoidal signals, are introduced into the 

inputs. And, the amplitudes of these distortions are set to 0.2 

V firstly, and then, reduce to 0.1 V. Fig. 20 illustrates the 

performance of the OLS scheme with distorted inputs. It can  

 
(a) 

 

IM SPMSM

dSPACE

Inverter

 
(b) 

Fig. 14. Experimental set-up system: (a) the entire induction motor drives and 
(b) the inverter and induction motor drives. 

 

be observed in Fig. 20 that the OLS scheme behaves well and 

the estimation errors are limited in a reasonable range. By 

comparison, as shown in Fig. 21, the PLL scheme achieves 

speed estimation with unsatisfactory estimation accuracy. That 

is, large oscillatory ripples appear in the estimated speed. 

Additionally, to highlight the estimation performance of the 

OLS scheme, a comparison between the OLS scheme and the 

type-3 PLL scheme is experimentally made, which is shown in 

Fig. 22. In this case, the speed command is changed from 

1000 r/min to 1430 r/min, and then back to 1200 r/min. From 

the results shown in Fig. 22, both high estimation accuracy 

and fast dynamics are achieved, when executing the OLS 

scheme. While, in the type-3 PLL scheme, an oscillatory 

dynamic response can be observed. More specifically, a large 

overshoot appears in the estimated speed. 

The performance of the speed estimation scheme in the low 

speed range is of importance. Considering this, the estimation 

performance of the OLS scheme is explored in a low speed 

range. In this case, the speed command is set to 100 r/min. 

Observations in Fig. 23 suggest that the OLS scheme provides 

an acceptable estimation in this case. 

In all, the OLS scheme provides speed estimation with good 

accuracy under different cases. The SOGI-FLL scheme, 

nevertheless, presents apparent estimation errors during 

acceleration and deceleration processes. Moreover, with the 

assistance of the closed-loop flux observer, the estimation 

performance of the OLS scheme with DC offsets is guaranteed. 

Particularly, the OLS scheme shows good estimation 

performance when distortions appear in the inputs. However, 

considerable oscillatory ripples can be observed in the 

estimated speed when implementing the PLL scheme with 

distorted inputs. Comparisons between the proposed OLS 

scheme and the type-3 PLL scheme confirm that the OLS 

scheme is a better option in terms of system dynamics. 
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Fig. 15. Estimation performance of the OLS scheme under speed command 

variations: (a) the estimation performance, (b) the zoom-in 1, and (c) the 

zoom-in 2. 
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Fig. 16. Estimation performance of the conventional SOGI-FLL scheme under 

speed command variations: (a) the estimation performance, (b) the zoom-in 1, 

and (c) the zoom-in 2. 
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         (b)  

Fig. 17. Estimation performance of the rotor flux phase by using the OLS 

scheme under speed command variations: (a) the zoom-in 1 of Fig. 15 and (b) 
the zoom-in 2 of Fig. 15. 

VII. CONCLUSION 

The CLS-based speed estimation schemes, e.g., PLL- and 

SOGI-FLL-based schemes, are preferable in speed-sensorless 

control of motor drives. However, these schemes may present 

estimation errors during acceleration and deceleration 

processes. To improve estimation performance, an attempt by 

using the type-3 PLL scheme was made. However, this 

scheme may affect the stability margin and system dynamics. 

Considering this, a speed estimation scheme with an OLS 

method was proposed in this paper for speed-sensorless 

control of induction motor drives. In the proposed OLS 

scheme, the estimated speed was obtained from the sinusoidal 

signals and their time-delay signals, rather than solely 

increasing the system order. In practice, the estimation may be 

compromised due to DC offsets, and hence, a closed-loop flux 

observer was employed in the OLS scheme to deal with the 

DC offsets. The performance of the OLS scheme has been 

investigated through extensive experimental tests, and 

compared with that of the prior-art CLS schemes and the type-

3 PLL scheme. 
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            (c)  
Fig. 18. Estimation performance of the OLS scheme under load variations: (a) 

the estimation performance, (b) the zoom-in 1, and (c) the zoom-in 2. 
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Fig. 19. Estimation performance of the OLS scheme with DC offsets: (a) the 

estimation performance, (b) the zoom-in 1, and (c) the zoom-in 2. 
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