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Abstract—Phase-locked loops (PLLs) and frequency-locked
loops (FLLs) are of importance in power and energy applications.
Both technologies have been introduced to speed-sensorless- con-
trolled motor drives, and increasing applications of PLLs and FLLs
for speed estimation are foreseen. To enable a proper and good
design, a thorough review of the PLL- and FLL-based speed estima-
tion schemes is then provided in this article. It is revealed through
the review that many PLL- and FLL-based estimation schemes
fail to accurately track a frequency ramp (i.e., obvious estimation
errors appear), which may lead to a compromised estimation ac-
curacy when these schemes that are applied in induction motor
drives operating during acceleration and deceleration processes.
To address this, the proven speed estimation schemes together with
new attempts are also presented in this article. Moreover, various
challenges to the PLL- and FLL-based speed estimation schemes,
including harmonics, dc offsets, and parameter variations, are
considered when evaluating these schemes. Solutions to tackle these
disturbances are accordingly presented. In addition, two represen-
tative estimation schemes are exemplified through experimental
tests. Finally, further challenges in using the PLL- and FLL-based
schemes for speed estimation are discussed.

Index Terms—DC offsets, frequency-locked loop (FLL),
harmonics, induction motor drives, parameter estimation, phase-
locked loop (PLL), speed estimation, speed-sensorless control.

NOMENCLATURE

vα, vβ α- and β-axis components of the
inputs.

vd, vq d- and q-axis components of the
inputs.
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θ, ω Phase and frequency of the
inputs

V, ϕ Amplitude and initial phase of the
inputs

θ̂ Estimated phase of the inputs.
ω̂ Estimated frequency of the inputs.
V̂ Estimated amplitude of the inputs.
ϕ̂ Estimated initial phase of the in-

puts.
θe Phase estimation error.
kp, ki Gains of the loop filter in the PLL

scheme.
v̂α, v̂β Estimated signals of the inputs.
qv̂α ,qv̂β Quadrature terms of the estimated

signals.
k, Γ Gains of the SOGI-FLL scheme.
εeα, εeβ α- and β-axis components of syn-

chronization error.
εfα, εfβ α- and β-axis components of fre-

quency error.
kR, λ Gains in the ROGI-FLL scheme.
Ψrα, Ψrβ α- and β-axis components of the

rotor flux.
Rs Stator resistance.
Rr Rotor resistance.
Ls Stator inductance.
Lr Rotor inductance.
Lm Magnetizing inductance.
Tr = Lr/Rr Rotor time constant.
ωr Rotor speed.
ωsl Slip speed.
us = [usα usβ]T Stator voltage vector.
is = [isα isβ]T Stator current vector in the sta-

tionary reference frame.
isdq = [isd isq]T Stator current vector in the syn-

chronous reference frame.
es = [esα esβ]T Stator back EMFs.
Ψs

i = [Ψsα
i Ψsβ

i]T Stator flux vector in the current
model (CM).

Ψr
i = [Ψrα

i Ψrβ
i]T Rotor flux vector in the CM.

Ψ̂v
s= [Ψ̂v

sα Ψ̂v
sβ]T Stator flux vector in the voltage

model (VM).
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Ψ̂v
r= [Ψ̂v

rα Ψ̂v
rβ]T Rotor flux vector in the VM.

Ψsdq
i = [Ψsd

i Ψsq
i]T Stator flux vector in the CM in the

synchronous reference frame.
Ψrdq

i = [Ψrd
i Ψrq

i]T Rotor flux vector in the CM in the
synchronous reference frame.

escom = [escomα escomβ]T Compensation signals of the sta-
tor back EMFs in the VM.

Ψscom=[Ψscomα Ψscomβ]T Compensation signals of the sta-
tor flux in the VM.

G = [g1 g1]T Gain matrix of the full-order ob-
server with the sliding mode (SM)
method (FSMO).

θ̂r Estimated rotor flux phase.
sgn(·) Sign function.
ejθ̂r = cos θ̂r + j sin θ̂r Euler’s formula.
ξαβn Inputs in the sub-structure of the

adaptive filters.

I. INTRODUCTION

INDUCTION motors have been widely used due to their com-
parative advantages in terms of low manufacturing cost, con-

venient system maintenance, and high operation performance.
In most of induction motor drives, speed information should
make a feedback to control system. This task is generally carried
out by using speed sensors. The use of speed sensors, however,
brings several concerns, e.g., reduce system reliability, increase
system costs, and require extra installation space. Hence, speed-
sensorless control, implemented by various speed estimation
schemes, is increasingly demanded in induction motor drives
[1]–[3].

Generally, speed estimation schemes applied in induction
motor drives can be categorized into two groups: the nonideal-
phenomena-based schemes and the model-based schemes. The
nonideal-phenomena scheme can be conducted through signal
injection [4]–[7] and rotor slot harmonic extraction [8]–[11]. Al-
though the non-ideal-phenomena-based schemes perform well
in a wide speed range and they are insensitive to parameter
variations, such schemes may result in certain side-effects on
induction motor drives, e.g., obvious torque ripples and unnec-
essary power losses [3]. Moreover, the general drawbacks of
difficult signal extraction and poor flexibility further hinder the
practical applicability.

The model-based schemes perform speed estimation on the
basis of induction motor model [12]–[42]. It means that this
type of speed estimation schemes is dependent on induction
motor parameters. Accordingly, these schemes may suffer from
unsatisfactory estimation performance due to parameter varia-
tions. Nevertheless, such schemes have been thriving, as they
are easy to be implemented and flexible to be adjusted. Ba-
sically, the model-based estimation schemes are implemented
by employing various observers, e.g., the adaptive full-order
observer (AFO) [12]–[18], the adaptive reduced-order observer
(ARO) [19]–[21], the extended Kalman filter (EKF) [22]–[24],
and the sliding mode observer (SMO) [25]–[30]. In addition,
the model reference adaptive system (MRAS) based methods
are attractive among assorted model-based schemes for be-
ing simple and requiring low computational efforts [31]–[35].

Among them, in [13], an improved AFO was proposed for
speed-sensorless-controlled induction motor drives, in which
the gain matrix was deliberately designed to provide strong
robustness against disturbances. As followed, Chen and Huang
[15] first presented a review of the AFO-based schemes with
stator and rotor resistances identification for induction motor
drives. Then, a new attempt of the AFO scheme with simulta-
neous stator and rotor resistances estimation was accordingly
made, in which a stability analysis for stable operation was
provided. A novel speed-sensorless method based on the ARO
for induction motor drives was reported in [19]. In this scheme,
the flux estimation was absent, which simplifies the overall
system and parameter tuning. Moreover, according to the sin-
gular perturbation theory, the stability analysis of the proposed
speed estimator was also given in [19]. In [21], an ARO was
used for speed-sensorless control of induction motors. In this
scheme, the observer gain design for analytical stability was
elaborated. Additionally, a stator resistance adaptation was used
to guarantee speed estimation with parameter variations. In [24],
a thorough performance comparison of the optimized EKFs
using different fitness functions for speed-sensorless-controlled
induction motor drives was presented. Here, the differential
evolution algorithm and the multiobjective differential evolution
algorithm were adopted, respectively, instead of the complex
covariance matrices. By doing so, accurate speed estimation
and computational burden reduction are achieved. A concept
of time-division multiplexing was incorporated to observer de-
sign in [27] for induction motor drives, and consequently, an
SMO was obtained for flux estimation. With this, the instabil-
ity problem caused by bounded disturbances was addressed.
A second-order SMO scheme was accomplished in [29] for
linear induction motor drives. In this scheme, accurate speed
estimation and chattering behavior alleviation were obtained.
Moreover, a parallel stator resistance on-line identification was
employed to deal with the issue of stator resistance variations.
Furthermore, a review of the MRAS-type schemes for motor
drives was made in [32], in which a detailed introduction of
various MRAS-based schemes and the stability analysis of these
schemes were provided. Also, speed estimation can be achieved
by using the advanced control methods, e.g., the particle swarm
optimization method [36], the fuzzy control method [37], [38],
the genetic algorithm [39], the artificial neural network (ANN)
method [40], [41], and the nonlinear control method [42]. As
for the advanced control-based techniques, most of them have
shown high effectiveness in speed estimation, but certain issues,
e.g., high computational burden and system complexity, remain
to be resolved.

In power and energy applications, synchronous reference
frame-phase-locked loops (SRF-PLLs) have been widely used
to extract the phase, frequency, and amplitude of the funda-
mental component of the grid voltage, accomplishing the task
of synchronization [43]–[45]. This key characteristic makes
it especially suitable as a speed estimator in sensorless con-
trol of motor drives [46]–[59]. Consequently, considerable at-
tempts have been made toward the SRF-PLL-based schemes for
sensorless-controlled motor drives. Many of the attempts are
put on enhancing the disturbance attenuation capability of the
SRF-PLL-based schemes and their variants [46]–[52]. This is
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because the SRF-PLL schemes have an insufficient capability to
mitigate disturbances. For example, harmonics in the SRF-PLL
scheme may lead to apparent ripples in the estimated param-
eters, and consequently, the estimation accuracy is degraded.
Notably, most of the existing SRF-PLL schemes can be regarded
as a type-2 control system with a proportional-integral (PI)
controller-based loop filter. That means, these schemes may
lose the capability of accurately tracking frequency ramps. As
a result, the SRF-PLL schemes applied in motor drives may
present estimation errors during acceleration and deceleration
processes, where the frequency undergoes a ramp change. This
may be a serious problem in certain applications that require
induction motor to frequently work during acceleration and
deceleration processes.

Alternatively, the synchronization can be achieved in
power and energy applications through frequency-locked loops
(FLLs) [62]–[71]. Among them, the second-order generalized
integrator-frequency-locked loop (SOGI-FLL) [62]–[68] and
the reduced-order generalized integrator-frequency-locked loop
(ROGI-FLL) [69]–[71] are notable FLL examples. Similar to the
SRF-PLL schemes, the SOGI-FLL and the ROGI-FLL schemes
are promising candidates in speed estimation for motor drives.
Unfortunately, the frequency ramp is still a challenging issue for
most of the existing SOGI-FLL and ROGI-FLL schemes, when
being applied in motor drives to achieve speed estimation.

In light of the above, this article presents a review of the proven
PLL schemes with new attempts using the FLL schemes to
address the concern when experiencing frequency ramps. In Sec-
tion II, the implementations of the prior-art PLL- and FLL-based
schemes are first presented. Meanwhile, the estimation perfor-
mance of these schemes during frequency ramps is thoroughly
analyzed. The analysis shows that most of the existing PLL-
and FLL-based schemes are unable to track frequency ramps
accurately. Following that, the improved PLL-based schemes,
e.g., the type-3 PLL schemes and the dual-loop PLL schemes,
to tackle the challenge of frequency ramps are detailed in
Sections III. However, in most of the improved PLL schemes,
concerns like system dynamics degradation and stability margin
reduction remain to be addressed. Due to this, attempts of em-
ploying the FLL technology are explored in Sections IV and V.
Moreover, considering disturbances, e.g., harmonics, dc offsets,
and parameter variations, may make performance deterioration
on speed estimation in practice, considerable solutions to elim-
inate disturbances have also been developed, which are shown
in Section VI, and several typical examples of these solutions
are exemplified. A case study is given in Section VII to investi-
gate the performance of two representative estimation schemes
through experimental tests. Finally, Section VIII concludes this
article.

II. PERFORMANCE ANALYSIS OF THE EXISTING PLL- AND

FLL-BASED SCHEMES

In this section, a review of the existing PLL- and FLL-based
schemes is performed, and the performance of these estimation
schemes during frequency ramps is also analyzed.

Fig. 1. Block diagram of the SRF-PLL scheme that is composed of a PD, an
LF, and a VCO.

Fig. 2. Small-signal model of the SRF-PLL scheme.

A. SRF-PLL Scheme

In power and energy applications, the SRF-PLL scheme, as
shown in Fig. 1, is the most common synchronization method.
More importantly, this scheme, as a speed estimator for motor
drives, also attracts much popularity. As seen in Fig. 1, the
SRF-PLL scheme includes a phase detector (PD), a loop fil-
ter (LF), and a voltage-controlled oscillator (VCO) [43]–[45].
Accordingly, the small-signal model of the SRF-PLL scheme is
depicted in Fig. 2, and the open-loop transfer function is obtained
as

GSRF
ol (s) =

θ̂

θ − θ̂
=

θ̂

θe
= V̂

kps+ ki
s2

(1)

where Gol
SRF(s) is the open-loop transfer function of the SRF-

PLL scheme. There are two poles at the origin in (1), suggesting
that the SRF-PLL scheme is a type-2 control system. The type-2
control system cannot accurately track a frequency ramp, which
is further elaborated as follows. The phase-error transfer func-
tion of the SRF-PLL scheme is expressed as

GSRF
e (s) =

1

1 +GSRF
ol (s)

=
s2

s2 + V̂ kps+ V̂ ki
. (2)

When a frequency ramp input (h/s2) is applied, corresponding
to a phase change (h/s3), that is

ΔθSRF
e (s) =

h

s3
GSRF

e (s) =
1

s

h

s2 + V̂ kps+ V̂ ki
(3)

where Δθe
SRF(s) and h are the phase-error transfer function

with the frequency ramp and the gain of the ramp change,
respectively. Applying the final value theorem to (3) yields
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ΔθSRF
ess (s) = lim

s→0
sΔθSRF

e (s)

= lim
s→0

s
h

s(s2 + V̂ kps+ V̂ ki)
=

h

V̂ ki
(4)

indicating that an estimation error will appear in the SRF-PLL
scheme when tracking the inputs with a frequency ramp. No-
tably, as shown in (4), the estimation error can be reduced by
increasing the integral gain of the LF (i.e., ki), which means
the SRF-PLL scheme needs to increase its bandwidth. The
consequence of a high-bandwidth SRF-PLL scheme includes the
degraded immunity against disturbances, e.g., noise immunity.
This is further elaborated as follows. The closed-loop transfer
function of the SRF-PLL scheme is given as

GSRF
cl (s) =

θ̂

θ
=

V̂ kps+ V̂ ki

s2 + V̂ kps+ V̂ ki
(5)

which can be rewritten as

GSRF
cl (s) =

V̂ kps+ V̂ ki

s2 + V̂ kps+ V̂ ki
=

2ζωns+ ωn
2

s2 + 2ζωns+ ωn
2

(6)

in which ζ and ωn are defined as the damping factor and natural
frequency, respectively. Based on (6), the amplitude-frequency
characteristic of the SRF-PLL scheme can be expressed as

∣∣GSRF
cl (jω)

∣∣ =
∣∣∣∣ ωn

2 + j2ζωnω

(ωn
2 − ω2) + j2ζωnω

∣∣∣∣ . (7)

Then, it can be obtained that

∣∣GSRF
cl (j0)

∣∣ =
∣∣∣∣ωn

2

ωn
2

∣∣∣∣ = 1. (8)

Therefore, it can be further deduced that

∣∣GSRF
cl (jωb)

∣∣=
∣∣∣∣ ωn

2 + j2ζωnωb

(ωn
2 − ωb

2) + j2ζωnωb

∣∣∣∣= 1√
2

∣∣GSRF
cl (j0)

∣∣
(9)

withωb being the bandwidth frequency of the SRF-PLL scheme,
which can be expressed as

ωb = ωn

√
(1 + 2ζ2) +

√
(1 + 2ζ2)2 + 1. (10)

The bandwidth of the SRF-PLL scheme is related to the
natural frequency ωn, for a given damping factor ζ. Moreover,
the noise bandwidth of the SRF-PLL scheme is defined as [60],
[61]

Bn =
1

2π

∞∫
0

∣∣GSRF
cl (jω)

∣∣2dω =
1 + 4ζ2

8ζ
ωn (11)

which indicates that the noise bandwidth is associated with the
natural frequencyωn, when the value of ζ is given. More specifi-
cally, a smaller value of ωn leads to a narrower noise bandwidth,
and hence, a better noise immunity; while, the noise immunity of
the SRF-PLL scheme is deteriorated with increasing the value of
ωn. It is demonstrated that the estimation error can be reduced
by increasing the value of ki, i.e., increasing the value of ωn.

Fig. 3. Block diagram of a typical SOGI-FLL scheme. (a) Second-order
generalized integrator-based quadrature-signal generators. (b) FLL with a gain
normalization unit.

As a consequence, the system bandwidth as well as the noise
bandwidth is increased, which leads to fast dynamics but poor
noise immunity.

The inability in tracking frequency ramps accurately is a
drawback of the SRF-PLL scheme. This may be a troublesome
problem in the applications that require motor to frequently work
under acceleration and deceleration cases. Therefore, further
attempts should be made to achieve satisfactory estimation,
when extending the PLL schemes to motor drives.

B. SOGI-FLL Scheme

The SOGI-FLL scheme is one of the promising synchroniza-
tion techniques and it is able to achieve satisfactory estimation
performance under unbalanced and distorted grid conditions.
Moreover, attractive features like acceptable performance and
high flexibility make this scheme gain considerable attention.
It thus has been employed in many applications, e.g., grid
synchronization [62], [63], frequency estimation [64], active
damping in LCL filter [65], and flux estimation in motor drives
[66], [67].

Fig. 3 shows the block diagram of a typical SOGI-FLL
scheme, which has two SOGI-based quadrature-signal gener-
ators (SOGI-QSGs), a gain normalization unit, and an FLL. In
this scheme, the SOGI-QSGs are used to estimate the inputs and
their quadrature terms. According to the estimated signals, the
FLL achieves frequency estimation. The gain normalization unit
is adopted to ensure estimation performance [66]. It is worth
noting that, different from the PLL scheme, the SOGI-FLL
scheme works in the stationary reference frame. Based on Fig. 3,
the frequency characteristic of the SOGI-FLL scheme can be
described as

˙̂ω ≈ −2Γ(ω̂ − ω). (12)
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Fig. 4. Simplified model of the FLL scheme.

Fig. 5. Block diagram of a typical ROGI-FLL scheme, which includes a ROGI,
an FLL, and a polar coordinate transformation.

Then, the simplified model of the SOGI-FLL scheme can be
depicted in Fig. 4. According to Fig. 4, the frequency open-loop
transfer function can be given as

GSOGI
ol (s) =

ω̂

ω − ω̂
=

2Γ

s
. (13)

The frequency-error transfer function is obtained as

GSOGI
e (s) =

1

1 +GSOGI
ol (s)

=
s

s+ 2Γ
. (14)

When the inputs have a frequency ramp change (h/s2), the
frequency-error transfer function can be obtained as

ΔωSOGI
e (s) =

h

s2
GSOGI

e (s) =
h

s(s+ 2Γ)
. (15)

According to the final value theorem, the frequency estimation
error of the SOGI-FLL scheme is calculated as

ΔωSOGI
ess (s) = lim

s→0
sΔωSOGI

e (s) = lim
s→0

s
h

s(s+ 2Γ)
=

h

2Γ
�= 0

(16)
which implies that an obvious frequency estimation error ap-
pears in the SOGI-FLL scheme with a frequency ramp.

C. ROGI-FLL Scheme

The ROGI-FLL schemes are attractive in three-phase appli-
cations acting as synchronization, in which the ROGI unit can
perform a similar performance with less computational burden
and system complexity than the SOGI-QSGs in the SOGI-FLL
scheme [72]–[74].

The block diagram of a typical ROGI-FLL scheme is pre-
sented in Fig. 5. As shown in Fig. 5, the ROGI-FLL scheme
includes a ROGI, an FLL, and a polar coordinate transformation.
The ROGI and the FLL implement the estimations of the inputs
and the frequency, respectively. The polar coordinate transfor-
mation is employed to estimate the amplitude and the phase of
the inputs with the estimated signals. According to Fig. 5, it can

Fig. 6. Simplified model of the ROGI-FLL scheme.

Fig. 7. Block diagram of the type-3 SRF-PLL scheme, where a new LF that
has two poles at the origin is employed.

be given that [69]–[71]⎧⎨
⎩

dθ̂
dt = kR

λ
(dω̂dt ) + ω̂

dω̂
dt = λ sin[(θ − θ̂)] ≈ λ(θ − θ̂)

. (17)

According to (17), the simplified model of the ROGI-FLL
scheme can be obtained, as shown in Fig. 6. Accordingly, the
open-loop transfer function of this scheme is obtained as

GROGI
ol (s) =

θ̂

θ − θ̂
=

θ̂

θe
=

kRs+ λ

s2
(18)

which has two poles at the origin, indicating the ROGI-FLL
scheme is also a type-2 control system. Similar to the SRF-
PLL scheme, the ROGI-FLL scheme may achieve unsatisfactory
estimation during frequency ramps (see Section II-A).

It can be summarized from the above analysis that, the issue
of frequency ramp challenges most of the existing PLL- and
FLL-based speed estimation schemes, including the SRF-PLL
scheme, the SOGI-FLL scheme, and the ROGI-FLL scheme. In
the following, schemes to address this issue are presented.

III. IMPROVED PLL-BASED SCHEMES

In this section, the improved PLL-based schemes, including
the type-3 PLL schemes and the dual-loop PLL schemes, are
discussed to perform accurate estimation.

A. Type-3 PLL Schemes

Performance improvement during frequency ramps can be
roughly classified into two categories: designing new LF (i.e.,
type-3 PLL schemes) and increasing system loops (i.e., dual-
loop PLL schemes). Type-3 SRF-PLL-based schemes are typical
representatives in terms of using a new LF, in which the PI-based
LF is replaced by a new LF that has two poles at the origin (that
means, this scheme only contains one loop) [75]–[77]. With this,
this scheme becomes a type-3 control system that can deal with
the frequency ramp issue. The block diagram and the small-
signal model of the type-3 SRF-PLL scheme are presented in
Figs. 7 and 8, respectively, [note that the unity amplitudes of
the inputs are obtained by using an amplitude normalization
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Fig. 8. Small-signal model of the type-3 SRF-PLL scheme, in which k1, k2,
and k3 are the gains of the LF.

(AN) unit]. Subsequently, the open-loop transfer function of this
scheme is obtained as

GTPLL
ol (s) =

θ̂

θ − θ̂
=

θ̂

θe
=

k1s
2 + k2s+ k3

s3
(19)

which suggests that, compared to the SRF-PLL scheme, using
this new LF induces three poles at the origin in the open-loop
transfer function. Thus, the type-3 SRF-PLL scheme in Fig. 7
can ensure accurate estimation with frequency ramps. According
to (19), the phase-error transfer function of the type-3 SRF-PLL
scheme is written as

GTPLL
e (s) =

1

1 +GTPLL
ol (s)

=
s3

s3 + k1s2 + k2s+ k3
.

(20)

The phase-error transfer function of the type-3 SRF-PLL
scheme with a frequency ramp (h/s3) is given as

ΔθTPLL
e (s) =

h

s3
GTPLL

e (s) =
h

s3 + k1s2 + k2s+ k3
. (21)

Using the final value theorem, the phase estimation error with
the frequency ramp can be calculated as

ΔθTPLL
ess (s) = lim

s→0
sΔθTPLL

e (s)

= lim
s→0

s
h

s3 + k1s2 + k2s+ k3
= 0 (22)

which means that the challenge of frequency ramps can be
tackled well by using the type-3 SRF-PLL scheme.

Particularly, the newly-designed LF in the type-3 SRF-PLL
scheme can be also adopted in the enhanced phase-locked loop
(EPLL) scheme [78] and the steady-state linear Kalman filter-
based phase-locked loop (SSLKF-PLL) scheme [79]–[81], and
accordingly, obtaining their type-3 versions.

B. Dual-Loop PLL Schemes

Alternatively, further attempts to enhance estimation perfor-
mance by increasing the system loops. That is, a dual-loop PLL
scheme is achieved by introducing extra loops into the SRF-PLL
scheme. A typical example of the dual-loop PLL schemes is
presented in Fig. 9 [82]–[85]. As shown, two tracking loops are
employed: Loops 1 and 2. Loop 1 is regarded as a conventional
SRF-PLL scheme and loop 2 has a proportional gain (i.e., γ) that
acts as an LF. According to the small-signal model of this scheme
in Fig. 10, the open-loop transfer function of the dual-loop PLL

Fig. 9. Block diagram of the dual-loop PLL scheme, which consists of two
tracking loops that have their own LF and VCO.

Fig. 10. Small-signal model of a typical dual-loop PLL scheme in Fig. 9, in
which θ1, θe1, θ2, and θe2 denote the estimated phase, the phase estimation
error in Loop 1, the estimated phase, and the phase estimation error in Loop 2.

scheme is written as

GDPLL
ol (s) =

θ̂

θ − θ̂
=

θ̂

θe1

=
(kp + γ)s2 + (ki + kpγ)s+ kiγ

s3
. (23)

The same analysis method can be applied in this dual-loop
PLL scheme, and it is suggested that the dual-loop PLL scheme
behaves satisfactorily with frequency ramps. Besides, several
dual-loop PLL schemes, e.g., the feedforward-loop PLL scheme
[86], the improved feedforward-loop PLL scheme [87]–[89],
and the high-order PLL scheme (it means that the system order
of the PLL scheme is more than 3 by using dual loops) [90],
[91], have also been reported in the literature. Notice that, the
open-loop transfer function of the type-3 SRF-PLL scheme is
identical to that of the dual-loop PLL scheme when assigning k1
= kp+γ, k2 = ki+kpγ, and k3 = kiγ. That means, the dual-loop
PLL scheme can achieve similar performance, compared to that
of the type-3 SRF-PLL scheme.

C. Discussions

According to the above analysis, it is interesting to mention
that the type-3 PLL schemes and the dual-loop PLL schemes
make a performance enhancement during frequency ramps by
increasing the system order. These increased-order PLL schemes
may tackle the challenge of frequency ramps effectively. How-
ever, several issues in terms of stability margin and system
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dynamics may appear. For example, one of noticeable prob-
lems in the increased-order PLL schemes is the negative gain
margin, which is undesired in practice, as demonstrated in the
following. Taking the type-3 PLL scheme as an example, the
open-loop transfer function of a typical type-3 PLL scheme can
be described as

Gol(s) =
θ̂

θ − θ̂
=

θ̂

θe
=

as2 + bs+ c

s3
(24)

where a, b, and c are positive gains, and ab>c (which can be
obtained according to the Routh–Hurwitz stability criterion).
Then, the open-loop transfer function can be rewritten as

Gol(s) = l
(s+ ω1)(s+ ω2)

s3
(25)

where l, ω1, and ω2 are the gains of the LF. To simplify the
analysis, considering ω1 = ω2 = ωq, it can be deduced that

Gol(s) = l
(s+ ωq)

2

s3
. (26)

Subsequently, the amplitude-frequency and the phase-
frequency characteristics of this scheme can be obtained as

|A(jω)| = |Gol(jω)| = l
ω2 + ωq

2

ω3
(27)

ϕ = ∠Gol(jω) = 2 arctan(
ω

ωq
)− 3

2
π. (28)

Based on (27) and (28), the phase margin (PM) and the gain
margin (GM) of the type-3 PLL scheme can be given by

PM = ∠Gol(jωc)− (−π) = 2[arctan(
ωc

ωq
)]− 1

2
π (29)

GM = 20 lg[
1

|Gol(jωg)| ] = 20 lg(
ωg

2l
) (30)

where ωc and ωg denote the amplitude-crossing frequency and
the phase-crossing frequency, respectively, and

|Gol(jωc)| = 1 (31)

∠Gol(jωg) = − π. (32)

According to (29)–(32), it can be deduced that

GM = 20 lg(
ωg

2l
) = 20 lg(

ωq

2l
) = 20 lg(

ωq

ωc
× ωc

2l
)

= 20 lg[
1

tan(PM) + sec(PM)
× 1

sin(PM) + 1
]

= 20 lg{ cos(PM)

[sin(PM) + 1]2
} (33)

which indicates that the GM of the type-3 PLL scheme is related
to the PM. Generally, the PM of the type-3 PLL scheme is within
the range of 40°–50°. It means that the GM is negative in this
range (see Fig. 11), which may increase the risk of system in-
stability. Moreover, the increased-order PLL schemes may also
lead to slow dynamics. In all, the increased-order PLL schemes
may effectively address the concern of frequency ramps. The two
main problems, i.e., negative stability margin and poor system

Fig. 11. Relationship between the GM and the PM of the type-3 PLL scheme.

Fig. 12. Simplified model of the SOGI-EFLL scheme (p = 2Г, q = 2ГΛ).

dynamics, prevent these schemes from becoming preferable
solutions.

IV. NEW ATTEMPTS OF THE SOGI-FLL-BASED SCHEMES

The existing SOGI-FLL schemes suffer from performance
degradation during frequency ramps. In this section, further
efforts have been made to achieve accurate estimation.

A. SOGI-EFLL Scheme

Due to its FLL unit, the conventional SOGI-FLL scheme fails
to accurately track a frequency ramp. Hence, a straightforward
way to improve speed estimation performance during frequency
ramps is re-designing the FLL unit. Assuming the open-loop
transfer function of an enhanced FLL (EFLL) unit is a type-2
control system, as

GEFLL
ol (s) =

ps+ q

s2
(34)

where p and q are positive gains. Then, the frequency-error
transfer function of the EFLL scheme can be given as

GEFLL
e (s) =

1

1 +GEFLL
ol (s)

=
s2

s2 + ps+ q
. (35)

The frequency-error transfer function of the EFLL scheme
with a frequency ramp (h/s2) is given as

ΔωEFLL
e (s) =

h

s2
GEFLL

e (s) =
h

s2 + ps+ q
. (36)

Appling the final value theorem, the frequency estimation
error of the EFLL scheme with the frequency ramp is obtained
as

ΔωEFLL
ess (s) = lim

s→0
sΔωEFLL

e (s) = lim
s→0

s
h

s2 + ps+ q
= 0.

(37)
Accordingly, the simplified model and the block diagram of

a typical SOGI-EFLL scheme are presented in Figs. 12 and 13,
in which Λ and Γ are the gains of the EFLL scheme.
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Fig. 13. Block diagram of a typical SOGI-EFLL scheme, in which k, Γ,
and Λ are the gains of the SOGI-EFLL scheme. (a) Second-order generalized
integrator-based quadrature-signal generators. (b) EFLL with a gain normaliza-
tion unit.

It should be noted that, the SOGI-EFLL scheme has a few
implementation possibilities. For example, a feedforward loop
can also be introduced in the SOGI-FLL scheme to achieve
the SOGI-EFLL scheme, which is not covered in this article.
According to the aforementioned discussions, the SOGI-EFLL
scheme may work well during frequency ramps through increas-
ing the system order. Therefore, similar to the increased-order
PLL schemes, system dynamics and stability margin are two
major concerns associated with the SOGI-EFLL scheme.

B. SOGI-RFLL Scheme

Alternatively, a recommended FLL (RFLL) scheme is accom-
plished in this section. The estimated frequency can be obtained
as

ω̂ =
dθ̂

dt
=

d

dt
[arctan(

v̂β
v̂α

)]. (38)

Subsequently, the estimated frequency can be further deduced
that

ω̂ =
d

dt
[arctan(

v̂β
v̂α

)] =
˙̂vβ v̂α − ˙̂vαv̂β
v̂2α + v̂2β

=
˙̂vβ v̂α − ˙̂vαv̂β

V̂ 2
.

(39)
Supposing the unity amplitudes of the estimated signals are

obtained, that is

V̂ = 1. (40)

Then, the estimated frequency can be calculated as

ω̂ =
˙̂vβ v̂α − ˙̂vαv̂β

V̂ 2
= ˙̂vβ v̂α − ˙̂vαv̂β . (41)

According to (41), the block diagram of the SOGI-RFLL
scheme is illustrated in Fig. 14. As shown, in the SOGI-RFLL
scheme, an AN unit is involved to provide the unity amplitudes of

Fig. 14. Block diagram of the SOGI-RFLL scheme, in which a new FLL unit
is employed.

the inputs. In addition, the estimated signals and their derivatives
are provided through the SOGI-QSGs. Eventually, the estimated
frequency is obtained from a new-type FLL unit according to the
estimated signals. It is worth noticing that, in this scheme, this
solution to address the concern of frequency ramps is employing
a new FLL unit, rather than increasing the system order. Due
to the use of this structure, the stability margin and dynamic
performance are maintained. Moreover, the absence of extra
system parameters means that the parameter tuning burden will
not be increased.

C. Discussions

Regarding the SOGI-FLL scheme, new attempts to enhance
estimation performance by introducing extra loops into the FLL
unit (i.e., the SOGI-EFLL scheme) are made. The performance
enhancement performed by the SOGI-EFLL scheme, however,
is achieved at the cost of increasing the system order. The
increased-order schemes, as discussed previously, may present
slow system dynamics and low stability margin. By contrast,
the SOGI-RFLL scheme without increasing the system order is
a more promising candidate in terms of system dynamics and
stability margin. Notably, no extra parameters are introduced
into the SOGI-RFLL scheme, and accordingly, this scheme will
not bring the concern of parameter tuning.

However, in the SOGI-RFLL scheme, the issue of estimated
frequency feedback should be carefully considered. As shown in
Fig. 14, in the SOGI-QSGs, the estimated frequency is fed back,
being responsible for generating estimated signals. Notice that in
the SOGI-RFLL scheme, the frequency estimation is the last step
of the entire estimation process. Therefore, several issues like
time delays and noise, may affect speed estimation. Moreover,
once the estimated frequency is incorrect and fed back into the
SOGI-QSGs, the estimations of the inputs are degraded. And in
turn, the speed estimation accuracy of the SOGI-RFLL scheme
may be further worsened with improper estimated signals.

V. NEW ATTEMPTS OF THE ROGI-FLL-BASED SCHEMES

The frequency ramp is a concern for the existing ROGI-
FLL schemes. In this section, new attempts of the ROGI-FLL
schemes are presented to deal with this issue.
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Fig. 15. Block diagram of the ROGI-EFLL scheme, in which kR, λ, and η are
the gains of the ROGI-EFLL scheme.

Fig. 16. Simplified model of the ROGI-EFLL scheme.

A. ROGI-EFLL Scheme

The main improvement of the ROGI-EFLL scheme lies in
its FLL unit, which can be observed in Fig. 15. As shown, an
extra loop is added in the FLL unit of the ROGI-EFLL scheme,
and then, the simplified model of this scheme is illustrated in
Fig. 16. With this simplified model, the frequency open-loop
transfer function of the ROGI-EFLL scheme is written as

GREFLL
ol (s) =

ω̂

ω − ω̂
=

λs+ η

s2(s+ kR)
(42)

with kR, λ, and η being the gains of the ROGI-EFLL scheme.
Then, the frequency-error transfer function is expressed as

GREFLL
e (s) =

1

1+GREFLL
ol (s)

=
s2(s+ kR)

s3 + kRs2 + λs+ η
. (43)

When applying the frequency ramp input (h/s2), and then, it
can be given as

ΔωREFLL
e (s) =

h

s2
GREFLL

e (s) =
h(s+ kR)

s3 + kRs2 + λs+ η
.

(44)
According to the final value theorem, it yields

ΔωREFLL
ess (s) = lim

s→0
sΔωREFLL

e (s)

= lim
s→0

s
h(s+ kR)

s3 + kRs2 + λs+ η
= 0 (45)

indicating that it is available to achieve accurate estimation with
a frequency ramp by using the ROGI-EFLL scheme. The ROGI-
EFLL scheme, similar to the SOGI-EFLL scheme, performs
accurate estimation by introducing an extra loop in the FLL
unit. With this, the system order is increased.

As discussed previously, the issues of slow system dynamics
and low stability margin remain to be resolved in the ROGI-
EFLL schemes.

Fig. 17. Block diagram of the ROGI-RFLL scheme.

B. ROGI-RFLL Scheme

Notice that the new-type FLL unit applied in the SOGI-RFLL
scheme (see Section IV-B) can be extended into the ROGI-FLL
scheme, and thus, achieving the ROGI-RFLL scheme, as shown
in Fig. 17. In this scheme, the unity amplitudes of the inputs
are obtained by using an AN unit. Afterward, the estimated
signals are obtained through the ROGI. The speed estimation
is eventually achieved from the new-type FLL unit. Comparing
Fig. 14 with Fig. 17, the main difference between the SOGI-
RFLL scheme and the ROGI-RFLL scheme is the estimation
method of the inputs. That is, the SOGI-QSGs and the ROGI are
employed to estimate the inputs in these schemes, respectively.
More specifically, compared to the SOGI-RFLL scheme, the
ROGI-RFLL scheme requires less implementation complexity
and computational efforts but its complex-vector expression
leads to the coupling effect.

C. Performance Evaluation

A performance evaluation of the PLL- and FLL-based
schemes analyzed in the above is given in Table I. As shown, the
estimation performance enhancement during frequency ramps
for the PLL-based schemes can be obtained mainly in two
ways: designing new LF and introducing additional loops. Most
of these schemes can be accepted as the increased-order PLL
schemes. Though being effective in enhancing estimation accu-
racy, the increased-order PLL schemes bring several concerns,
including slow dynamic response and negative stability margin.
This situation, however, still occurs in the SOGI-EFLL scheme
and the ROGI-EFLL scheme. By comparison, the SOGI-RFLL
scheme and the ROGI-RFLL scheme are recommended because
they address the challenge of frequency ramps without either
increasing the system order or introducing extra compensation
units. Hence, the SOGI-RFLL scheme and the ROGI-RFLL
scheme will not adversely affect system dynamics, stability mar-
gin, and parameter tuning. Unfortunately, there is still a problem
that has not been resolved yet, i.e., the estimated frequency
feedback. As mentioned earlier, the estimated frequency feed-
back may cause considerable time delays and undesired noise.
Moreover, the estimation performance of the RFLL schemes
may be further degraded when an inaccurate estimated speed is
fedback, which may become a potential issue.
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TABLE I
PERFORMANCE EVALUATION OF THE ABOVE-MENTIONED PLL- AND FLL-BASED SCHEMES

VI. IMPLEMENTATION OF THE SPEED ESTIMATION SCHEMES

WITH DISTURBANCE ATTENUATION

As known, due to the limited disturbance elimination capabil-
ity, the PLL- and FLL-based schemes may perform unsatisfac-
torily when disturbances appear in the inputs (e.g., harmonics,
DC offsets, imbalance, voltage sags, swells, etc.). This situa-
tion, in motor drives, is still tough. Therefore, the PLL- and
FLL-based schemes should incorporate disturbance attenuation
schemes to maintain estimation performance. In this section,
the implementations of the PLL- and FLL-based schemes with
disturbance attenuation will be elaborated. Meanwhile, a few
typical examples of disturbance attenuation schemes will be
presented.

A. Practical Concerns and Implementations

The PLL- and FLL-based schemes work satisfactorily under
an ideal condition, in which the inputs are purely sinusoidal
and free from disturbances. This, however, is not always true
in induction motor drives due to various disturbances. Notably,
the issue of harmonics, which is mainly caused by the inverter
nonlinear output, makes an adverse effect on speed estimation.
More specifically, it causes oscillatory ripples in the estimated
parameters. For example, an h-order harmonic component can
lead to an (h-1)-order harmonic ripple appearing in the esti-
mated parameters [92]–[95]. In addition, the dc offsets lead to
low-order disturbances in the estimated quantities, and even a
narrow-bandwidth estimation scheme cannot successfully elim-
inate these low-order disturbances [96]–[98]. Another challenge
to speed estimation is the issue of parameter variations, which
is regarded as a tricky problem that may degrade estimation
performance and even aggravate system instability [12]–[18].
Therefore, disturbance attenuation is desirable to be developed
in the PLL- and FLL-based schemes.

Fig. 18 shows the implementation of the PLL- and FLL-based
schemes with disturbance attenuation, which consists of four
parts: a rotor back electromotive force signals (EMFs) or rotor

Fig. 18. Block diagram of the practical implementation of the PLL- and FLL-
based schemes with disturbance attenuations.

flux observer, two adaptive filters, an AN unit, and the PLL-
and FLL-based schemes. According to the stator voltage and
stator current signals, the observer provides the estimated rotor
back EMFs or the estimated rotor flux, as the inputs of the PLL-
and FLL-based schemes. Afterward, the adaptive filters are em-
ployed to mitigate harmonics in the estimated rotor back EMFs
or the estimated rotor flux. After the AN stage, the estimated
speed and phase are obtained from the PLL- and FLL-based
schemes. Generally, the estimated phase is fed back to the
control system, as the rotor flux orientation phase. Eventually,
the estimated rotor speed is obtained as

ω̂r = ω̂ − ωsl. (46)

It is interesting to mention that, in the PLL schemes, the
adaptive filters can be plugged in the main feedback loop as
in-loop filters; or, the filters can also be placed before the inputs
as prefilters (see Fig. 18). Compared to the in-loop filters, the
pre-filters have less adverse effects on the dynamic behavior of
the PLL-based schemes [99], [100]. Hence, the prefilters are
focused in this article.



3344 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 3, MARCH 2022

Fig. 19. Block diagram of the CLFO, in which a compensation unit is used to
deal with dc offsets.

Clearly, the performance of the observers and the adaptive
filters will affect the entire estimation performance, as detailed
in the following.

B. Observers With DC Offset Mitigation

Both the PLL- and FLL-based schemes are vulnerable to the
dc offsets in their inputs. This is because even a small dc drift may
result in large ripples in the estimated parameters. It is known that
the inputs of the PLL- and FLL-based schemes are the rotor back
EMFs or the rotor flux. Hence, a straightforward solution is to
use the high-performance observers that can eliminate dc offsets.
Indeed, various observers have been reported in the literature to
improve the immunity to dc offsets. Four are exemplified in the
following.

The closed-loop flux observer (CLFO) is a promising candi-
date in terms of satisfactory estimation and adequate robustness
against dc offsets, which is illustrated in Fig. 19. As shown,
the CLFO is an adaptive combination of two common flux
observers [i.e., the voltage model (VM) and the current model
(CM) based flux observers].The two open-loop flux observers
(i.e., VM- and CM-based flux observers) are regulated together
by a PI controller. Notice that, the compensation signals, which
are used in the VM-based flux observer, are provided from this
PI controller. By doing so, the CLFO is expected to tackle the
challenge of dc offsets [101], [102]. Moreover, the CLFO can
be further extended as a full-order observer by using the sliding
mode (SM) method (referred to as the FSMO) [103]–[105],
which is presented in Fig. 20. As shown, in the FSMO, both the
stator current and the flux signals are estimated simultaneously
in this observer, while only the flux signals are estimated in the
CLFO. Due to the use of the SM method, the robustness of the
FSMO is further improved at the cost of tough parameter tuning
and potential chatting behavior.

An interesting approach is to use the SOGI-QSGs as the
flux observer. According to the presentation of the SOGI-QSG
in Fig. 3(a), the transfer functions of the SOGI-QSG can be
expressed as

D(s) =
v̂(s)

v(s)
=

kω̂s

s2 + kω̂s+ ω̂2
(47)

Fig. 20. Block diagram of the full-order observer with the SM method, which
is regarded as an extension of the CLFO.

Fig. 21. Block diagram of the second-order SOGI flux observer, in which a
SOGI-QSG is adopted as prefilter for dc offset elimination.

Q(s) =
qv̂(s)

v(s)
=

kω̂2

s2 + kω̂s+ ω̂2
(48)

where the outputs v̂ and qv̂ are regarded as the band-pass-filtered
signal and the low-pass-filtered signal of the inputs, respec-
tively [62]–[67]. More specifically, by substituting s = jω, the
amplitude-frequency characteristics of D(s) and Q(s) can be
written as

|D(jω)| =
∣∣∣∣ jkω̂ω

ω̂2 − ω2 + jkω̂ω

∣∣∣∣ = kω̂ω√
(ω̂2 − ω2)2 + (kω̂ω)2

(49)

|Q(jω)| =
∣∣∣∣ kω̂2

ω̂2 − ω2 + jkω̂ω

∣∣∣∣ = kω̂2√
(ω̂2 − ω2)2 + (kω̂ω)2

(50)

which suggests that the amplitude will be zero when the dc
components pass through D(s). Regrading qv̂, it may not have
the feature that can successfully attenuate the dc components.
Notice that the signal of qv̂ should be fed back to involve the flux
estimation. Therefore, the flux observation is still deteriorated
due to dc offsets. Considering the dc offset filtering capability
of the input v̂ is benefiting from D(s), the robustness of the
flux observer against dc offsets can be obtained by using the
pre-filter whose transfer function is like D(s) [106], [107]. As
a consequence, this kind of flux observer (referred to as the
second-order SOGI flux observer) is depicted in Fig. 21, in
which δ1 and δ2 are the gains of the second-order SOGI flux
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Fig. 22. Block diagram of the first-order SOGI flux observer, in which an extra
loop is used for dc offset estimation.

observer. An alternative approach to support the SOGI-based
flux observer mitigate the dc offsets is to employ a first-order
SOGI flux observer, as presented in Fig. 22 (in which μ1 and μ2

are the gains of the first-order SOGI flux observer) [108], [109].
This flux observer introduces a loop that can estimate the dc
offset effectively, and then, the estimated dc offset is subtracted
from the inputs. By doing so, the dc offsets in estimated flux are
effectively mitigated. Different from the flux observers shown
in Figs. 19 and 20, the estimated speed should be fed back into
the two observers, and accordingly, the second-order SOGI flux
observer and the first-order SOGI flux observer are identified as
speed-adaptive observers.

Compared to the first-order SOGI flux observer, the second-
order SOGI flux observer needs similar parameter tuning efforts
and implementation complexity but has better filtering charac-
teristics due to its higher attenuation capability. Therefore, as a
dc offset mitigation unit, the second-order SOGI flux observer
is preferable. However, the estimated speed should be fed back
into these two observers, which may lead to certain issues.
That is, an inaccurate speed estimation has an obvious impact
on flux observation. In turn, the improper estimated flux may
further exacerbate speed estimation. This may also appear in
the first-order SOGI flux observer. Moreover, the SOGI-based
flux observers may suffer from delay effects and noise due to the
feedback of estimated speed. By comparison, the CLFO and the
FSMO (these observers are generally named as the inherently
sensorless flux observers) make a considerable performance im-
provement. It can be observed that the estimated speed feedback
is cancelled in these observers. With this, the undesirable impact
caused by the speed feedback is effectively suppressed. Main
concerns of the inherently sensorless flux observers are difficult
implementation and more control parameters. That means, more
computational efforts and tougher parameter tuning are required
in these observers, compared to the SOGI-based flux observers.

C. Adaptive Filters

In induction motor drives, harmonics are mainly attributable
to the inverter nonlinear output. This situation becomes serious
in high-power applications, e.g., high-speed railway traction
drives, metro traction drives, etc. In these applications, to ensure

Fig. 23. Block diagram of the MSHF, in which ωp is the gain of the MSHF.

low switching losses, the switching frequency should be low
(generally, less than 1 kHz). As a result, abundant harmonics
appear in motor drives. Additionally, the arctangent and dif-
ferential operations will further enlarge harmonic impact. The
harmonics, as mentioned before, causes considerable ripples
that degrade estimation accuracy. Various adaptive filters have
been recommended to mitigate harmonics in estimation schemes
[110]–[113].

The multiple selective harmonic filter (MSHF) has been
proven to be an effective harmonic suppression method [110],
and the block diagram of this filter is shown in Fig. 23. The
MSHF is composed of several units, and these units are arranged
in parallel, working in a collaborative way. Each unit of the
MSHF can be taken as a filter that is responsible for extracting
a selective harmonic component from the inputs. Then, the
selected harmonic components are subtracted from the inputs. In
this case, the effects of harmonics are effectively reduced. Notice
that, to deal with the issue of frequency variations, the estimated
speed is fed back to the structure of the MSHF. This harmonic
filtering method can be extended to the multiple adaptive vector
filter (MAVF) [111], which is presented in Fig. 24. The major
difference between the MSHF and the MAVF is the sub-structure
of the two adaptive filters.

Considering the band-pass filter characteristic of the SOGI-
QSG in the SOGI-FLL scheme, the task of selective harmonic
elimination can also be carried out by the multiple SOGI-based
adaptive filter (MSOGI-AF) [114]–[117], which is illustrated in
Fig. 25. As shown, this filter consists of a set of SOGI-QSGs
in order to extract the frequency components of interest from
the inputs simultaneously. Another attempt to enhance harmonic
suppression capability of the speed estimation schemes by using
the multiple ROGI-based adaptive filter (MROGI-AF) is made
[118], as depicted in Fig. 26. As shown, the resultant filter struc-
ture is the same as the MSOGI-AF except that the SOGI-QSGs
are replaced with the ROGI-based units.

By analyzing the structures of these adaptive filters, it can be
seen that the main difference is its substructure. In particular,
the strong coupling can be observed in the MAVF and the
MROGI-AF, while the MSHF and the MSOGI-AF are free from
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Fig. 24. Block diagram of the MAVF, in which kfn is the gain of the MAVF.

Fig. 25. Block diagram of the MSOGI-AF, in which zfn is the gain of the
MSOGI-AF.

this coupling. Moreover, a group of units operate in a cooperative
manner in these filters, each of which aims at extracting a specific
harmonic component. It is worth noting that the adaptive filters
need more computational efforts when more harmonic filtering
units involve in the filter. Therefore, a tradeoff between compu-
tational burden and harmonic filtering performance should be
deliberately made. In addition, the speed information is used as
an adaptive quantity in the filters, which means that these filters
may suffer from unexpected effects. For example, since the
speed estimation is the last step of the entire estimation scheme,
the adaptive filters may experience time delays and noise due to

Fig. 26. Block diagram of the MROGI-AF, in which xfn is the gain of the
MROGI-AF.

speed feedback. Moreover, the incorrect speed information may
further degrade the performance of the adaptive filters.

It is believed that there are still various adaptive filters that
have not been covered in this article, such as the recursive-least-
square-based adaptive filter [49], the multiple adaptive notch
filter [50], the adaptive linear neural network-based filter [52],
and the multiple complex vector filter [111]–[113], etc. These
nonappearing adaptive filters can be seen as the extensions or
relatives of the abovementioned adaptive filters.

D. Parameter Estimation Schemes

In the model-based speed estimation schemes, e.g., PLL- and
FLL-based schemes, the involvement of motor parameters may
become a challenge when considering parameter variations. This
is particularly true when stator resistance variations are seen
in induction motor drives due to temperature rise, skin effect,
etc. The stator resistance variations contribute to performance
degradation and even increase the risk of system instability. Re-
garding the potential solutions to parameter variations, typically,
it is implemented through various parameter online estimation
schemes.

In the PLL- and FLL-based schemes, the issue of parameter
variations will affect the estimated rotor back EMFs or the
estimated rotor flux, i.e., the inputs of the estimation schemes.
Taking the PLL scheme as an example, the effect of parameter
variations on estimation performance is analyzed as follows.
Supposing the inputs of the PLL scheme without parameter
variations are sinusoidal, as

{
vα = V cos θ
vβ = V sin θ

. (51)
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Then, it can be obtained that{
vd = V cos(θ − θ̂)

vq = V sin(θ − θ̂)
. (52)

Accordingly, the inputs of the PLL scheme considering pa-
rameter variations can be obtained as{

vαd = (V +ΔV ) cos(θ +Δθ)
vβd = (V +ΔV ) sin(θ +Δθ)

(53)

with ΔV and Δθ being the amplitude deviation and the phase
deviation caused by parameter variations. Subsequently,{

vdd = (V +ΔV ) cos(θ +Δθ − θ̂)

vqd = (V +ΔV ) sin(θ +Δθ − θ̂)
(54)

which can be expanded as

vdd = (V +ΔV ) cos(θ − θ̂) cos(Δθ)

− (V +ΔV ) sin(θ − θ̂) sin(Δθ)

= V cos(θ − θ̂)︸ ︷︷ ︸
vd

+Dd (55)

vqd = (V +ΔV ) sin(θ − θ̂) cos(Δθ)

+ (V +ΔV ) cos(θ − θ̂) sin(Δθ)

= V sin(θ − θ̂)︸ ︷︷ ︸
vq

+Dq (56)

in which Dd and Dq are the disturbance terms caused by param-
eter variations, respectively. Based on (55) and (56), it can be
deduced that

θ̂d =
V kps+ V ki

s2 + V kps+ V ki
θ

︸ ︷︷ ︸
θ̂

+
kps+ ki

s2 + V kps+ V ki
Dq (57)

ω̂d =
V kps+ V ki

s2 + V kps+ V ki
ω

︸ ︷︷ ︸
ω̂

+
s(kps+ ki)

s2 + V kps+ V ki
Dq (58)

where θ̂d ,θ̂, ω̂d , and ω̂ are the estimated phase with parame-
ter variations and without parameter variations, the estimated
frequency with parameter variations and without parameter
variations. According to (57) and (58), when considering pa-
rameter variations, the estimated frequency and the estimated
phase suffer from the disturbance term of Dq. Therefore, in
order to guarantee estimation performance, parameter estima-
tion schemes are necessary, when considering the disturbance
of parameter variations.

Among various motor parameters, stator resistance variations
should be specifically considered. Hence, many stator resistance
estimation methods, including the MRAS [15], [26]–[30], the
EKF [22], [23], and the ANN [41], have been developed in the
literature. Schemes using the MRAS methods are of interest,
due to being simple and providing satisfactory performance.
Here, a simple yet effective example of the MRAS-type stator
resistance estimation schemes is presented in Fig. 27. As shown

Fig. 27. Block diagram of a typical MRAS-type scheme for stator resistance
estimation.

TABLE II
PARAMETERS OF THE INDUCTION MOTOR DRIVES

in Fig. 27, in this scheme, the CM-based flux observer is used as
the reference model while the VM-based flux observer acts as
the adaptive model. A PI controller is adopted to achieve stator
resistance estimation, and consequently, the estimated stator
resistance is fed back to the VM-based flux observer to guarantee
speed estimation. Furthermore, the estimated rotor resistance
is then obtained by considering the same thermal behavior for
stator and rotor resistances [103].

Notably, a compensation unit in the CLFO can successfully
deal with various errors, such as dc offsets and stator resistance
variations. Accordingly, this flux observer can handle the issue
of stator resistance variations [101]–[103].

VII. CASE STUDIES

In this section, case studies are performed to verify the afore-
mentioned discussions through experimental tests, in which the
performance of two representative schemes is investigated. The
experimental tests are performed referring to the block dia-
gram of the entire speed-sensorless-controlled induction motor
drive system in Fig. 28. The experiment set-up is presented in
Fig. 29, which consists of an inverter (Danfoss FC302), a 2.2-
kW induction motor (ABB M2T100LA28-4 MK110022-S), a
mechanically coupled load surface-mounted permanent-magnet
synchronous motor (Siemens 1FT6084-8SH71-1AAC), and a
dSPACE 1103 control platform. The parameters of the induction
motor drives are given in Table II.

A. Performance of the SOGI-RFLL Scheme Under Speed
Command Variations

The estimation performance of the SOGI-RFLL scheme under
speed command variations is shown in Fig. 30. In this case,
the speed command is varied from 1000 to 1430 r/min (rated
speed), and then back to 1200 r/min. And, the load in this case is
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Fig. 28. Block diagram of the speed-sensorless-controlled induction motor drive system (SVPWM-Space vector pulse-width modulation).

Fig. 29. Experimental set-up system. (a) Entire induction motor drives. (b)
Inverter and induction motor drives.

7 N·m (50% rated load). From the test results, it can be observed
that the satisfactory performance is achieved in terms of speed
estimation by using the SOGI-RFLL scheme. Meanwhile, the
estimation error is within a reasonable range. The performance
of the conventional SOGI-FLL scheme is also provided as a
comparison, which is presented in Fig. 31. In the SOGI-FLL
scheme, the test case is the same to that in the SOGI-RFLL
scheme. As shown in Fig. 31, a compromised estimation ac-
curacy is achieved by using the SOGI-FLL scheme. That is,
obvious estimation errors are observed during acceleration and
deceleration processes, which may become a problem in the
applications that require induction motor to frequently work in
acceleration and deceleration processes. The phase estimation
performance of the two schemes is presented in Figs. 32 and
33, respectively. According to the test results in Fig. 32, it is
indicated that the estimated phase of the SOGI-RFLL scheme
works well.

B. Performance of the ROGI-RFLL Scheme Under Speed
Command Variations

The performance of the ROGI-RFLL scheme is also eval-
uated, and compared to that of the conventional ROGI-FLL
scheme. The test cases are identical to those in the SOGI-FLL
scheme and the SOGI-RFLL scheme. According to the results
shown in Fig. 34, the ROGI-RFLL scheme behaves well in
this case, and accordingly, the estimation error is acceptable.
By comparison, as shown in Fig. 35, the presence of apparent
estimation errors makes performance degradation on the conven-
tional ROGI-FLL scheme during acceleration and deceleration
processes. The phase estimations provided by the ROGI-RFLL
scheme and the ROGI-FLL scheme are shown in Figs. 36
and 37, respectively. As seen in Fig. 36, the phase estimation
performance of the ROGI-RFLL scheme is acceptable in the
entire speed range.

In all, seen from the experimental results, it is indicated
that the conventional SOGI-FLL scheme and the conventional
ROGI-FLL scheme suffer from performance degradation during
acceleration and deceleration processes. Both the SOGI-RFLL
scheme and the ROGI-RFLL scheme, nevertheless, can provide
speed estimation with a satisfactory accuracy in this circum-
stance. Comparisons between the RFLL schemes and the con-
ventional FLL schemes suggest that the RFLL schemes are better
options in terms of estimation accuracy, when being applied in
induction motor drives.

C. Performance of the Adaptive Filters

The performance of adaptive filters in different estimation
schemes is explored, and the results are shown in Figs. 38 and
39, respectively. In the two cases, the speed command and load
are set to 1430 r/min (rated speed) and 7 N·m (50% rated load),
respectively.

As shown in Fig. 38, when the adaptive filters are absent in
the PLL scheme, the estimated rotor flux (as the inputs of the
PLL scheme) is distorted, and then, the ripples appear in the
estimated phase. By comparison, when enabling the adaptive
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Fig. 30. Estimation performance of the SOGI-RFLL scheme under speed
command variations. (a) Entire estimation performance. (b) Zoom-in 1. (c)
Zoom-in 2.

Fig. 31. Estimation performance of the conventional SOGI-FLL scheme under
speed command variations. (a) Entire estimation performance. (b) Zoom-in 1
(c) Zoom-in 2.



3350 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 3, MARCH 2022

Fig. 32. Estimation performance of the rotor flux phase by using the SOGI-
RFLL scheme under speed command variations. (a) Zoom-in 1 of Fig. 30. (b)
Zoom-in 2 of Fig. 30.

Fig. 33. Estimation performance of the rotor flux phase by using the conven-
tional SOGI-FLL scheme under speed command variations. (a) Zoom-in 1 of
Fig. 31. (b) Zoom-in 2 of Fig. 31.

filters, the distortions in the estimated rotor flux are obviously
alleviated. Consequently, the phase estimation is ensured. The
situation still occurs in the SOGI-RFLL scheme, as shown in
Fig. 39. From the test results, it is clear that with the assistance
of the adaptive filters, the SOGI-RFLL scheme can maintain
speed and phase estimations.

D. Performance of the Rotor Back EMFs

The performance of the rotor back EMFs with different con-
ditions is experimentally tested, and the corresponding results

Fig. 34. Estimation performance of the ROGI-RFLL scheme under speed
command variations. (a) Entire estimation performance. (b) Zoom-in 1. (c)
Zoom-in 2.
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Fig. 35. Estimation performance of the conventional ROGI-FLL scheme under
speed command variations. (a) Entire estimation performance. (b) Zoom-in 1.
(c) Zoom-in 2.

Fig. 36. Estimation performance of the rotor flux phase by using the ROGI-
RFLL scheme under speed command variations. (a) Zoom-in 1 of Fig. 34. (b)
Zoom-in 2 of Fig. 34.

Fig. 37. Estimation performance of the rotor flux phase by using the conven-
tional ROGI-FLL scheme under speed command variations. (a) Zoom-in 1 of
Fig. 35. (b) Zoom-in 2 of Fig. 35.

are given in Table III (to reduce manuscript-page). As given
in Table III, when the proposed FLL scheme works in the
high-speed range, a larger load makes more distortions appear
in the rotor back EMFs. Additionally, it is known that with the
increase of the load, distortions in the rotor back EMFs become
obvious when the proposed SOGI-RFLL scheme operates in the
low-speed range. This issue can be attributed to the increasing
inductance saturation with the increased load.

Moreover, observations in Table III indicate that when the pro-
posed SOGI-RFLL scheme operates in the low-speed range, the
rotor back EMFs contain undesirable distortions. By contrast,
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Fig. 38. Estimation performance of the rotor flux phase using the PLL scheme
under harmonics. (a) Without adaptive filters. (b) With adaptive filters.

Fig. 39. Estimation performance of the rotor flux phase using the SOGI-RFLL
under harmonics. (a) Without adaptive filters. (b) With adaptive filters.

TABLE III
PERFORMANCE OF THE ROTOR BACK EMFS WITH DIFFERENT CASES

the impact of distortions on the rotor back EMFs is minimized
when the proposed SOGI-RFLL scheme operates in the high-
speed range. When a heavy load, i.e., 75% rated load, is applied
in the proposed SOGI-RFLL scheme, the same conclusion can
be drawn. That is, a higher speed leads to smaller distortions in
the rotor back EMFs.

VIII. CONCLUSION

This article has discussed different PLL- and FLL-based
schemes for speed estimation. Specifically, a performance in-
vestigation of the state-of-the-art PLL-based schemes together
with new attempts of the FLL-based schemes was presented to
indicate the development of solutions toward the challenge of
frequency ramps. It has been revealed that the increased-order
PLL schemes, including the type-3 PLL schemes and the dual-
loop PLL schemes, are effective in tackling the frequency ramp
issue at the cost of dynamic performance and stability margin.
This situation still occurs in the EFLL-based schemes, e.g., the
SOGI-EFLL scheme and the ROGI-EFLL scheme. In addition,
the RFLL schemes, e.g., the SOGI-RFLL scheme and the ROGI-
RFLL scheme, are recommended because these schemes achieve
accurate estimation by employing the new-type FLL units, rather
than solely increasing the system order or introducing the extra
compensation units. Thus, system dynamics and stability margin
are maintained.

Moreover, disturbances in motor drives, e.g., dc offset, har-
monics, and parameter variations, will challenge the perfor-
mance in speed estimation. Various disturbance elimination
schemes were detailed in the implementation of the PLL- and
FLL-based schemes, notable examples of which have also been
highlighted. Case studies were provided to evaluate the esti-
mation performance of two representative schemes, i.e., the
SOGI-RFLL scheme and the ROGI-RFLL scheme.

From this article, it can be concluded that the following.
1) Although the increased-order PLL schemes and the EFLL

schemes show good estimation performance under accel-
eration and deceleration cases, several issues, e.g., low
stability margin and poor system dynamics, remain to be
resolved.

2) The RFLL schemes, including the SOGI-RFLL scheme
and the ROGI-RFLL scheme, are promising candidates in
terms of estimation accuracy and stability margin. How-
ever, further efforts should be made to handle the issue of
frequency feedback in the two schemes.
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3) As seen, the RFLL schemes mostly work in the station-
ary reference frame. Due to this, it is highly difficult to
establish accurate small-signal models of these schemes.
Therefore, the stability analysis and parameter tuning of
the RFLL schemes should take more considerations.

4) Though adaptive filters can effectively suppress harmonics
when considering the presence of abundant harmonics,
they also lead to issues like heavy computational burden
and discretization complexity. Moreover, another concern
in the adaptive filters is the feedback of estimated speed.
With this, issues of huge delays and undesired noise need
to be further resolved.

5) The robustness against parameter variations can be ob-
tained through parameter estimation schemes. This, how-
ever, may increase system complexity and computational
burden. A tradeoff between the implementation complex-
ity and estimation performance should be made.

6) With certain proper adjustments, these PLL- and FLL-
based schemes can be further extended to other motor
drive systems for dealing with the frequency ramps is-
sue, e.g., for synchronous motors, brushless dc motors,
synchronous generators, etc.
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