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ABSTRACT Rotor position and speed estimation methods are consolidated to reduce the cost and volume
of permanent magnet synchronous motor (PMSM) sensorless control drives while maintaining high perfor-
mance. Advanced nonlinear algorithms require accurate design for precise estimation tracking throughout the
entire PMSMoperation range. This paper presents a broad review of themain high-speed estimationmethods
for sensorless PMSM drives. First, the stability constraints and design methodologies of the main estimation
techniques presented in the literature are discussed. In the second part, it is investigated the new observer
design trends, which are used under non-ideal conditions, such as robustness to distortions, the effects of
parameter variation, sensorless parameter estimation, and low sampling-frequency-to-speed ratio operation.
Future trends on the design of observers for high-speed sensorless PMSM drives are also discussed.

INDEX TERMS High performance drives, permanent magnet synchronous motors, sensorless control, state
observer design.

I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) have been
extensively used in modern electrical drives due to their high
performance. The higher efficiency and higher power density
are the major assets of the PMSM in relation to its main
competitor, the induction motor. Furthermore, closed-loop
control requires accurate position information of the PMSM.
This mechanical information can be extracted through an
encoder or a resolver, which is expensive and bulky. Since the
disadvantages are unwanted, sensorless control techniques
have been a major topic of study [1], [2]. The rotor posi-
tion estimation techniques are mainly classified into two
categories, low-speed methods and high-speed methods. The
low-speed sensorless approach depends upon high-frequency
injection for computation of the position information through
the motor reluctance. An in depth review of high frequency
based estimation for low-speed sensorless PMSM drives is
performed in [3]. The high-speed methods are based on the
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computation of the PMSMflux or electromotive force, which
is directly related to the rotor position.

The first high-speed sensorless control methods for
PMSMs were presented in the 1970s and 80s and were based
on open-loop strategies [4]–[7]. These approaches are sensi-
tive to model mismatches, measurement errors and have poor
dynamic behavior. In order to improve the estimation per-
formance from the open-loop algorithms, nonlinear observer
techniques began to be investigated in the following decades
[8]–[12]. Such methods make use of feedback for expansion
of the system robustness, which can lead to faster estimation
tracking. However, the first publications with these strategies
were a direct application of the theoretical methods, which
were mainly focused on the observer stability for high-order
nonlinear systems. In sensorless applications, fast estimation
of the mechanical variables is required to ensure that the
closed-loop control will be not significantly affected. There-
fore, it is necessary to adjust the design methods of high-
order nonlinear observer techniques for the PMSM sensorless
application, which requires, in addition to stability, good
dynamic estimation performance.
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TABLE 1. PMSM linear models in the stationary frame.

The most advanced estimation techniques require an ade-
quate adjustment of the observer feedback gains. A wide
range of studies from the last decade seeks to synthesize
the observer gains in closed-form solutions, which can be
generalized for all PMSMs. Another focus of recent research
efforts is developing additional observer analysis tools and
improving the observer performance under nonideal condi-
tions. Such topics include the analysis of PMSM parameter
variation effects, online parameter estimation, and position
observer design against distortions. The study of high speed
sensorless applications with low sampling frequencies has
also received attention.

This paper presents a comprehensive review on the design
of rotor position estimation methods for high-performance
sensorless control of PMSM drives. In Section II,
the established observer techniques, their design procedures,
and performance specifications are discussed. The effects
of parameter variation on the position estimation, parameter
estimation algorithms, harmonic and dc error suppression
through observer modification, and low sampling frequency
to speed ratio observer design are investigated in Section III.
The future work on position observer design is discussed in
Section IV. Finally, the conclusion of the paper is presented
in Section V.

II. OBSERVER DESIGN FOR HIGH PERFORMANCE
POSITION AND SPEED ESTIMATION
High-performance position and speed estimations are
essential for the field-oriented sensorless control, a typical
sensorless control diagram is presented in Fig. 1. If slow
estimation occurs, the closed-loop speed control can become
unstable, and the field orientation can be lost. In the case of
too high observer bandwidth, the estimation algorithm can
amplify the measurement noise, which can lead to additional
torque loses. Therefore, the design properties are essential
in the PMSM sensorless control system performance. In this
section, the major PMSM observer design issues, such as
models, control techniques, and gain design, are presented.

A. PMSM MODEL
Model-based estimation algorithms have been the main
approach for sensorless control of PMSM drives in the
medium and high-speed range [13]. The mathematical model
of the PMSM is generally defined by the stator current equa-
tions in the synchronous frame [14] and is given by

vdq = Ldqρidq + Ridq + JLdqωeidq + gωeψ, (1)

FIGURE 1. Field oriented PMSM sensorless control diagram.

where
idq stator current vector in the synchronous frame,
vdq stator voltage vector in the synchronous frame,
Ld ,Lq stator inductances,
R stator resistance,
ωe, ωr rotor flux speed and rotor speed,
ψ permanent magnet flux linkage,
ρ differential operator,

Ldq =
[
Ld 0
0 Lq

]
, g =

[
0
1

]
.

In the stationary reference frame, the most popular rep-
resentations of the PMSM dynamics are the linear flux
λ [15] and the extended electromotive force (EEMF) e
[16].Both modeling approaches create vectors oriented with
the PMSM rotor and have an angle equal to the rotor flux posi-
tion θe. Other less popular models are also presented in the
literature [17], [18].

The attractiveness of EEMF and linear flux models are the
ability to create linear models where the established control
techniques and analysis methods can be easily implemented.
The linear flux and EEMF models are represented in the
linear form 

d
dt
x = Ax+ Bu

y = Cx
(2)

and in Table 1, where v and i are the stator voltage and current
vectors in the stator frame, respectively,

I =
[
1 0
0 1

]
, J =

[
0 −1
1 0

]
,0 =

[
0 0
0 0

]
.
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FIGURE 2. Main PMSM estimation approaches: (a) Open-Loop
(b) Disturbance observer (c) Full-order observer.

The EEMF and linear flux accurately represent the behav-
ior of the salient pole PMSM. Furthermore, when Lq = Ld ,
the EEMF, which becomes the standard electromotive force
[19], and the linear flux [20] models both describe the non-
salient pole PMSM. Although it does not present magnets
in its rotor, the synchronous reluctance motor can also be
represented by such models. In order to simplify the paper
representation, the EEMF is used in equations and figures.

The observability properties of the PMSM model, studied
in [21]–[23], indicate that position estimation process at low
speeds can only be performed using the insertion of high-
frequency signals [24]–[31]. In the case of the surface PMSM
(SPMSM), even with the insertion of high-frequency com-
ponents, the position estimation can be a difficult task [32].
The characteristic of observability deficiency at low speeds
of the PMSM can be explained by the difficulty of extract-
ing the EEMF vector angle when its value is null. In the
case of the linear flux model, the term Jωeλ is equal to zero
when the rotor is at standstill, making it impossible to observe
the rotor flux, and consequently, the position information is
unreachable.

The linear model (2) fits the traditional control design
problems. Three main estimation methodologies stand out
in the literature for the observer design. The first computes
the EEMF directly by the PMSM equations. This strategy,
known as open-loop estimation, is susceptible to unmodeled
dynamics and rapidly fell into disuse. The second most pop-
ular strategy is to use an observer with the same order as the
plant; that observer is known as a full-order observer [33].
This method contains the multiplication of the estimated
EEMF and speed, which implies high design complexity.
The third major estimation method category uses the dis-
turbance observer technique [34] in order to eliminate the
full-order observer nonlinearities. Through the disturbance
observer, the coupling between the stationary axes disappears
since the EEMF, where the coupling takes place, is modeled
as a disturbance. These three prevalent strategies are illus-
trated in Fig. 2. Position and speed reconstruction algorithms

FIGURE 3. Linear disturbance observer block diagram.

are required to extract the mechanical variables from the
observed EEMF. If the position and speed are observed states
from the full-order observer, the reconstruction procedure is
not required.

B. DISTURBANCE BASED OBSERVER
The disturbance observer is developed through the stator
current equations of the PMSM model, such as

d
dt
î = ρ1 (u, x, t)+ σ (3)

where ρ1 (u, x, t) is the perturbation term, which is depen-
dent on the PMSMmodel, and σ is the observed disturbance,
which estimates the EEMF vector. By selecting the perturba-
tion term ρ1 (u, x, t) according to the PMSM model with the
exception of the EEMF, the observed disturbance will achieve
good tracking of the EEMF if the observed current converges
to the actual one.

The main advantage of the disturbance observer estima-
tion strategy is to avoid the nonlinearities of the full-order
observer. Thus, the design of the estimator is broken in two
simple systems, a disturbance observer and a position and
speed reconstruction method.

1) LINEAR DISTURBANCE OBSERVER
The simplest topology of the disturbance observer approach
is the linear disturbance observer (LDO) [35]–[37]. This
strategy design the observed disturbance as a linear feedback
variable, enabling the use of classic control tools, such as
bode diagram, as an analysis tool. The observed disturbance
is defined as

σ = ρ2 (u, x, t) ĩ, (4)

where ρ2 (u, x, t) defines the linear magnitude and frequency
responses of the LDO. The block diagram of the LDOmethod
is illustrated in Fig. 3.
The main disadvantage of the LDO is the uneven behavior

in relation to the frequency of operation, which alters the
performance of the estimator significantly in applications
with high speed range. Furthermore, the absence of the EEMF
dynamics in the perturbation design leads to higher band-
width requirements for acceptable dynamic performance,
which results in noise sensitivity.

2) SLIDING MODE DISTURBANCE OBSERVER
The pursuit for proper EEMF tracking through the entire
PMSM operating range by the disturbance method cul-
minated in the study of sliding mode observer (SMO)
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FIGURE 4. Sliding mode disturbance observer block diagram.

FIGURE 5. Super-twisting sliding mode disturbance observer block
diagram.

strategies [38]–[44]. The sliding mode technique uses a high-
frequency switching variable in order to ensure robustness to
the observation process. The observed sliding mode distur-
bance is defined as follows:

σ = k1sign
(
ĩ
)
, (5)

where k1 is the SMO gain. If k1 is designed high enough,
sliding is guaranteed and, therefore, EEMF tracking. The
block diagram of the SMO strategy is presented in Fig. 4.

The SMO approach is one of the most popular sensorless
PMSM control methods. This is due to the easy design of
the high-frequency switching variable and straightforward
implementation. On the other hand, the resulting observed
EEMF by the high-frequency component contains excessive
noise, known in the literature as the chattering phenomenon,
which makes the direct use of SMO unwanted. Thus, the fil-
tering of the observed high-frequency variable is desired,
which reduces the chattering in the observed EEMF.

Filtering of the SMO disturbance leads to phase devia-
tion of the observed EMF, thus requiring phase adjustments.
In order to avoid this corrections, the replacement of the sign
function by the sigmoid function can be performed [45]. This
substituting eliminates the chattering phenomenon from the
SMO but removes the sliding feature of the algorithm.

In order to avoid the chattering reduction procedure from
the standard SMO, the super-twisting slidingmode algorithm,
which was developed in [46], was investigated [47]–[51]. The
observed disturbance of the super-twisting observer (STO) is
defined as

σ = k2
∣∣∣ĩ∣∣∣ 12 sign (ĩ)+ ∫ k3sign

(
ĩ
)
dt (6)

where k2 and k3 are the STO gains. The overall structure of
the STO method is illustrated in Fig. 5.

In the STO strategy, while the standard high-frequency
switching variable ensures that the observed EEMF will
slide the actual ones, the chattering effect is reduced by
the new integral portion part. The major drawback of the
super-twisting approach is the design of k2 and k3 due to the

discontinuous dynamics of the system, which are difficult to
model and analyze.

C. FULL-ORDER OBSERVER
The rotor position estimation can be achieved by the full-
order observer method, which implements the complete
PMSMmodel with the addition of feedback. In this approach,
the EEMF is viewed as a state and not as a disturbance, reduc-
ing the high bandwidth requirement in comparison with the
LDO. Furthermore, the speed dependent full-order observer
poles can be easily extracted, which allows an easy variable
gain design for wide speed range applications.

1) FULL-ORDER OBSERVER IN STATIONARY FRAME
Rotor position and speed estimation can be achieved by the
extension of the classical Luenberger observer [52]. The full-
order observer (FOO) is built through the PMSM linear mod-
els, given in Table 1, such as follows

d
dt
x̂ = Âx̂+ Bu+H

(
ŷ− y

)
ŷ = Cx̂

(7)

whereH is the feedback gain matrix, ˆ and∼ express the esti-
mated variables and the error between the estimated variables
and the actual variables, respectively.
The good performance of the FOO, required for accurate

position tracking, depends on the adjustment of the gain
matrixH . Such design is performed through the error dynam-
ics of the FOO, which can be obtained by subtracting (2)
from (7), such as

d
dt
x̃ = A′x̃+ B′x̂ω̃e (8)

where A′ = A+HC and ω̃eB′ = Ã.
The non-linear characteristic of the PMSM model is high-

lighted in (8), where the rotor speed, which is unknown in a
sensorless operation, directly impacts the poles of A′. Hence,
for a fixed H , the estimation convergence will be dependent
on the PMSM operating point, which will lead the observer
to have poor estimation performance and may even cause
instability in the sensorless control system. In order to solve
this problem, the FOO design methods converge in using
the estimated speed in the feedback matrix H , which lin-
earizes the estimation behavior of the observer. Through this
design configuration, the poles of A′ can be adjusted by pole
placement, H∞ and LMI techniques [53]–[56]. These design
methods are only ideal when the estimated speed matches the
actual one. When speed estimation error occurs, the observer
poles diverge from the designed positions, which may lead
the system to instability.

The FOO stability conditions are studied in [57], where
positive real conditions for arbitrary speed estimation algo-
rithm are obtained by applying the Kalman-Yakubovich
Lemma (KYL) to the observer error equations (8), such as{

A′TP + PA′ ≤ 0

PB′ = CT (9)

where ∃P = PT > 0.
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FIGURE 6. FOO normalized poles (a) poorly damped design (b) improved
pole placement design.

FIGURE 7. FOO poles with cascade design and (a) lower bandwidth
(b) higher bandwidth.

The feedback gains derived from the KYL (9), which are
dependent on the actual rotor speed, stabilize the FOO for
arbitrary adaptive speed estimator gains. Furthermore, it is
shown in [57] that the local stability is still guaranteed when
the estimated speed is used for the implementation of the sta-
bilization gains. Such feedback gain design however, can lead
to a poorly damped performance, which can force the control
system to instability at sensorless operation, especially under
load conditions. The normalized poles of a poorly damped
designed FOO is presented in Fig. 6 (a). It is highlighted
that small speed estimation errors can move the FOO poles
to the real axis. Thus, it is shown that the a pole placement
assignment can improve the FOO damping and robustness.
The FOO normalized poles with improved pole placement
estimation is showed in Fig. 6 (b).

The damping design approach can be unintuitive, since the
relationship between the FOO gains and the estimation error
is not addressed in the stability analysis. In [58], a cascade
design strategy is presented in order to make the gain tuning
process intuitive. In this design method, the state observer
operates at higher frequencies, which demonstrates increas-
ing the observer robustness to speed estimation errors. The
adaptive speed estimation law is configured at lower frequen-
cies, thus facilitating the modeling of the FOO gains. The
FOO pole behavior under speed estimation error is shown
in 7 (a). As speed estimation error is increased, the FOO even-
tually becomes unstable. The effect of increasing the FOO
bandwidth on the robustness is illustrated in 7 (b). By mov-
ing the poles further to the left of the real axis, the effect
of speed estimation error is mitigated and the robustness
is increased. The cascade design concept, where the state
observer is arranged with high bandwidth for expanded
robustness, is mainly limited by the sampling frequency.

FIGURE 8. Full-order observer vector diagram in the synchronous frame.

Despite the FOO stability is intrinsically dependent on
the PMSM actual speed, the design approaches [57], [58]
ensure robustness to high speed estimation errors. Moreover,
the variable feedback gains linearize the estimation behavior
in relation to the PMSM speed. It is opposite to the LDO,
which has an uneven frequency response, and the SMO,
which the chattering is dependent on the operation point.

2) FULL-ORDER OBSERVER IN SYNCHRONOUS FRAME
The FOO can be built in the synchronous rotating frame
[59]–[63] through the model (1), such as

Ldqρ îdq = vdq − Rîdq − JLdqω̂e îdq − gω̂eψ +Hdq ĩdq
(10)

where Hdq is the observer feedback gain matrix in the syn-
chronous frame.

In the rotating reference, it is not possible to guarantee
that the currents and voltages measured in the synchronous
reference are correct, since the estimated position is used in
the Park transformations and can lead to a phase error in the
observed synchronous variables. Thus, despite the observer
having a lower order in the rotating frame, the FOO in the
synchronous frame is affected by both the speed and position
estimation errors, while the FOO in the stationary frame is
only affected by speed estimation error. The FOO vector
diagram in the synchronous frame is illustrated in Fig. 8. The
stability and convergence analysis of the FOO in the rotating
frame can be accurately modeled by the linearization of the
observer error dynamics as a function of position and speed
estimation errors [62], which is given by

d
dt

[
ĩdq
θ̃e

]
= Adq

[
ĩdq
θ̃e

]
+ Bdqω̃e (11)

where Adq and Bdq are the observer error state and input
matrices, respectively.

The design of the poles of Adq, which is dependent
on the actual speed, has similar obstacles as the design
of A′. Variable speed-dependent feedback gain Hdq can
improve the estimation performance, and damping enhance-
ment is required. One explicit conclusion from the error equa-
tion (11) is that, if the observer closed-loop poles are properly
designed, good rotor position estimation is accomplished.
Therefore, the estimated rotor position can be obtained
through the integration of the rotor flux speed, since the
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FIGURE 9. EKF based estimation structure.

estimation structural guarantee the field orientation. In the
case of the observer in the stationary frame, the integration
of the rotor speed for position estimation can lead to the
integration shift phenomenon [64].

The equivalence between the FOO in the stationary and
synchronous frame is presented in [57].

3) EXTENDED KALMAN FILTER ESTIMATION
The FOO approach presented in the previous subsections
requires a gain design procedure, which are limited to the
design conditions previously defined. In contrast with such
techniques, the extended Kalman filter (EKF) is a near to
optimal estimation algorithm,where feedback gains are recal-
culated constantly. This characteristic makes it known as
the standard of nonlinear systems estimation. The EKF is
used in PMSM sensorless applications in [65]–[71]. The EKF
algorithm is composed by two main steps: Prediction and
Correction, which are illustrated in Fig. 9 and summarized
as follows:

1) Prediction: The observed vector x̂ekf =
[
î θ̂e ω̂e

]T
is

computed through the stator currents and voltages sim-
ilarly to an open-loop method. The covariance matrix
P is predicted using the noise covariance matrix Q,
which needs to be tuned, and the Jacobian matrix of
the PMSM model.

2) Correction: The near-optimal feedback gain Hekf ,
which is known to produce fast estimation, is computed
and used to correct and observe the estimated variables.
The measurement noise covariance matrixR is a tuning
variable of the feedback gain calculation. Correction of
the covariancematrix is also performed. The estimation
of the correction EKF step is performed by the follow-
ing relationship

x̂ekfk = x̂ekfk−1 +H
ekf ĩ (12)

The near to optimal performance of the EKF is not obtained
without disadvantages. The covariance matrices R and Q
are complex to design [72] and generally are determined
empirically. Such determination is inadequate for PMSM
drives built for an extensive range of motors, for which
parameters are not known previously. Thus, the estimation
algorithms presented in the previous subsections, which syn-
thesize the observer gains in closed-form solutions and are
easily applicable for general-purpose PMSM drives, have a
leverage in this situation. Furthermore, the calculation of the
Jacobian matrix lead to a significant larger computational
cost in comparison with the other estimation methods. These

FIGURE 10. Speed estimation through derivative method.

FIGURE 11. PLL for position and speed reconstruction.

characteristics, of high computational cost and difficulty in
designing the covariance matrices, overcome the near to opti-
mal feature of the EKF, making it an unattractive option in the
majority of the situations.

A summarized table of the main characteristics of the
major position estimation methods is given in Table 2.

D. ROTOR POSITION AND SPEED RECONSTRUCTION
METHODS
In order to fulfill the estimation algorithm, the PMSM
position and speed must be reconstructed from the
observed EEMF obtained from the disturbance or full-order
observer. The most popular position and speed computa-
tion strategies are the derivative approach, the phase-locked
loop (PLL) method, and the adaptive algorithm.

The derivative approach [47], [48], [50], which is the most
straightforward and is showed in Fig. 10, computes the rotor
position from the angle of the observed EEMF/flux by a
trigonometric function, and the rotor speed is obtained by
the derivative of the estimated position. Speed filtering is
necessary due to the derivative function.

Position reconstruction can also be performed by the PLL
method [38], [39], [74], which is illustrated in Fig. 11. In this
algorithm, the estimated rotor speed is an internal variable.
The PLL creates an adjustable vector with variable angle
and compares with the observed disturbances. When the
error between the vector is small, good position estimation
is obtained. The proportional-integral (PI)-type regulator is
usually used to converge the observed position, and its design
is easy due to the PLL modeling simplicity. Furthermore,
the PLL has a broad use in electrical power systems, thus
being already well known by many designers.

Another major reconstruction method for the mechani-
cal variables is the adaptive approach [41], [73], that is
demonstrated in Fig. 12. This strategy makes use of the
gradient descendent algorithm with an adjustable model in
order to track the frequency of the observed EEMF. The
adaptive method requires design of internal feedback gains
for the adjustable model and the gradient descendent adap-
tive gains. Both feedback and adaptive gains offer additional
filtering properties, key features of the adaptive algorithm.
The adaptive approach can also be integrated with the FOO
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TABLE 2. Summary and comparison of the major position estimation methods for sensorless PMSM drives.

[57], [58], where FOO itself is the adjustable model, making
it an adaptive full-order observer.

III. OBSERVER DESIGN FOR HIGH PERFORMANCE
ESTIMATION UNDER NON-IDEAL CONDITIONS
In the previous section, the major state observer design strate-
gies for high performance sensorless control are investigated.
The analysis and design of these schemes consider an ideal
system,where current and voltagemeasurement inaccuracies,
inverter nonlinearities, sampling limitations, and parameter
variations are not taken into account. Recent research efforts
seek to model such PMSM sensorless control system issues
and propose modifications on the observer topologies, which
require new design methodologies.

In this section, the main observer design methods under
non-ideal conditions, which aim to improve position and
speed estimation tracking, are presented.

A. LOW SAMPLING-FREQUENCY-TO-SPEED RATIO
Modern PMSM sensorless control algorithms are imple-
mented through digital systems. In cases where the sampling
frequency fsamp is very low in relation to the PMSM rotor
flux fundamental frequency fωe , the observer design methods
presented in Section II may have inadequate estimation per-
formance or even may become unstable, making them unsuit-
able as a sensorless control algorithm.

In [75] a designed method for the FOO in the synchronous
frame in the discrete-time domain is proposed. It is demon-
strated that the inherently delays in the control system, which
can be addressed in discrete-time, affect the observer per-
formance. The proposed design methodology is compared
experimentally to the FOO designed in the continuous-
time using the forward Euler approximation. The sampling-
frequency-to-speed ratio was fratio = fsamp/fωe = 10 for the
proposed method, which presented good response, and
fratio = 30 for the FOO designed in the continuous-
time, which became unstable. It is shown that major perfor-
mance improvements can be obtained by the design in the

discrete-time. Similar results are obtained in [76], where the
observer aims to compensate the voltage error caused by
delay. The advantages of the discrete-time design over the
standard discretized FOO are demonstrated, and a fratio = 10
is achieved experimentally. The importance of delay compen-
sation under low-frequency sampling is demonstrated in [77].
When the delay is not compensated, the position estimation
error appears as rotor speed increases, with a linear relation-
ship. This estimation error can be almost eliminated by digital
delay compensation. Under fratio = 10 experimental results
are presented [78]–[80] with no-load operation and, when
shaft load is applied to the PMSM, lower fratio is achieved.
These results suggest that the observer robustness in discrete-
time is dependent on the PMSM load. This can be due to
parameter error that arises due to inductance saturation at
high currents. However, analytical analysis on the observer
robustness degradation in discrete-time under load operation
is still missing.

The SMO technique applied for low fratio operation is
also studied [81], [82]. In discrete-time domain, the sliding
property of the SMO is not valid, and only quasi-slidingmode
observation can be achieved [83]. Furthermore, under low
fratio, the chattering phenomenon increases, and its reduction
is of great importance. In [73] the chattering is reduced by two
lowpass filters, one internal in the SMO and other after the
EEMF is observed. Phase compensation due to the filtering
process is required. Bandpass filter can also be employed in
order to reduce the SMO chattering. This strategy does not
require phase compensation since the bandpass filter is a zero
phase-shift amplifier [81].

The discretization method is crucial in order to achieve
high performance low fratio estimation. The FOO observer
poles with exact discretization, Euler and Tustin approxi-
mations are compared in [79] and are illustrated in Fig. 13.
As the PMSM rotor speed increases, the observer poles move
further to the left plane of the real axis. When the Euler
approximation is employed, the estimation becomes highly
oscillatory at high speeds. The Tustin approximation does not
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FIGURE 12. Adaptive approach for position and speed estimation.

exhibit oscillatory behavior of the Euler method but suffers
from degradation in performance compared to the exact dis-
cretization.

B. MOTOR-PARAMETER-ADAPTIVE POSITION OBSERVER
1) EFFECTS OF PARAMETER VARIATION
High-performance position-sensorless control of PMSMs
relies on accurate motor parameters, such as stator resistance,
stator inductance, and magnetic flux linkage. Fundamental-
frequency-based methods, available at medium and high
speed, are considered to be more sensitive to parameter
mismatch due to the motor model dependence [84]. For
low-speed sensorless control, signal-injection-based schemes
are motor-parameter-independent, while the accurate motor
parameters are still expected for robust current/torque control
performance [85]. Generally, model sensitivity in position
estimation is only analyzed on model-based techniques, such
as EEMF-based methods [45] and stator flux-based methods
[61]. Regardless of which the estimation model is adopted,
the parameter sensitivity characteristics would be identical.
In [52], the stator resistance and inductance mismatch effects
on position estimation of an SPMSM are discussed. The
steady-state analysis illustrates that a phase shift is gener-
ated in the estimated EEMF due to the parameter deviation
and results in a position estimation offset. In [86], a more
general solution in parameter sensitivity of both SPMSMs
and IPMSMs is proposed adopting a sensitivity function.
This technique can quantitatively investigate the steady-state
parameter sensitivity, and the analytical result of the EEMF-
based position estimation is presented in Fig. 14. Intuitively,
the sensitivity function of the q-axis inductance is largest,
showing the q-axis inductance can lead to a dominant position
estimation error, and the adverse effect is speed-independent.
The stator resistance influence is less and is reduced at a
higher speed. In contrast, the d-axis inductance mismatch
and flux linkage mismatch have null sensitivity functions in
the EEMF-based estimation, which means the estimator is
insensitive to these two parameters.

For accurate position estimation, the q-axis inductance and
stator resistance need to be accurate. Although the d-axis
inductance and flux linkage have no effects on steady-state
estimation accuracy, accurate d-axis inductance is essential
for robust current controller design, and the flux linkage can
be used for temperature estimation in a high-power PMSM.
The nominal parameters of a PMSM are typically given by
manufacturers and are available for basic position observer

FIGURE 13. Discrete-time poles as bandwidth increase with different
discretization methods.

design, but the motor parameters vary with ambient temper-
ature and stator current [87]. For instance, high temperature
can result in increasing stator resistance and demagnetizing
flux linkage. Magnetic saturation is aggravated at high cur-
rent levels (i.e., load conditions), leading to decreased stator
inductance. However, there are some limits of measuring
motor parameters under driving conditions, especially for
the stator resistance and flux linkage that are temperature-
dependent since the stator and rotor temperature measure-
ment is hard in applications. Mapping the stator inductance
is more accessible by offline testing and then stored as
lookup tables for control purposes [88]. Still, the offline
measurement of stator inductance is time-consuming and is
not available for a general-purposemotor drive. In this regard,
motor parameter adaptation schemes are emphasized in posi-
tion observer design. A general control diagram of motor-
parameter-adaptive position-sensorless control is depicted
in Fig. 15.

2) ADAPTIVE FILTERS
Adaptive filters are commonly adopted in parameter esti-
mation for robust PMSM position-sensorless control, such
as recursive least square (RLS) [89]–[91], affine projection
algorithm (APA) [92], and EKF [93]–[95]. First, the RLS
determines the weight coefficient matrix of an adaptive
parameter estimator, which minimizes the sum of squares
of estimation errors between the known quantities and the
estimates. In [89], combined with an EEMF model with
known flux linkage, the RLS is employed to estimate the
stator resistance and dq-axis inductance simultaneously of
both SPMSMs and IPMSMs. Whereas the multiparameter
estimation of PMSMs suffers from a rank-deficient problem,
which may result in ill-convergence in estimates, especially
for sensorless motor drives [96]. For single-parameter esti-
mation (e.g., stator resistance), the RLS shows robust perfor-
mance by using a predefine inductance lookup table in the
estimation process, which can avoid the rank-deficient issue
[90]. Another approach by increasing the observer rank is
to inject additional signals into the stator [90]. Dual RLSs
can identify the inverter voltage distortion and the q-axis
inductance, while other parameters are assumed to be con-
stant. Second, a multiscale framework with APAs is reported
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FIGURE 14. Model sensitivity analyses of EEMF-based position
estimation via sensitivity functions [86] (Motor parameters are referred to
[84]) (a) q-axis inductance sensitivity. (b) Stator resistance sensitivity.
(c) d-axis inductance sensitivity. (c) Flux linkage sensitivity.

in [92] to estimate the stator resistance and inductance in
two timescales. The stator resistance estimator is executed
at a lower sampling rate since the resistance variation is
slowly varying with the temperature. The inductance esti-
mator is run at a faster sampling rate for better dynamic
performance under current changes. This solution can elimi-
nate the ill-convergence in multiparameter estimation. Still,
the interaction between the two estimators and the global
stability analysis needs further investigation. For the last
category, the EKF is emphasized in sensorless parameter
estimation due to its excellent noise suppression capability
[94]. Two independent reduced-order EKFs proposed in [95]
can estimate the flux linkage and stator resistance, but the
two parameters cannot be estimated simultaneously. In [93],
the dual-estimator concept is adopted by combining an EKF-
based flux linkage estimator with a model reference adaptive
system for speed/position estimation. The authors showed
that the convergence and stability issues of multiparameter
estimation can be solved. To sum up, the motor parameters
can be well identified by the adaptive filtering algorithm
with good accuracy. However, the main concern of such
techniques is the high computational burden due to the matrix
manipulation.

3) STATE OBSERVERS
In sensorless parameter estimation, state observers are also
gained broad attention due to the simpler implementation.
The commonly adopted state observers are MRAS [97]–[99],
SMO [45], [47], [100], [101], and LDO [15], [59], [61], [96].

First, the MRAS utilizes the mathematical model of the
PMSMwith estimated parameters to compare the real system.
The difference between the measured quantities, such as
state currents, and the reference model outputs, converges the
parameter estimation. In [97], the MRAS is used to estimate

FIGURE 15. The control diagram of motor-parameter-adaptive position
observers.

the stator resistance in sensorless control by adopting the
γ -axis (i.e., estimated q-axis) current equation as the refer-
ence model. In [98], three MRAS estimators are designed to
estimate the rotor speed/position, stator resistance, and flux
linkage. The results show that estimating the three variables
at the same time is impossible in this method, and only the
stator resistance can be updated online for stable sensorless
control. In [99], a modified MRAS with first-order low-pass
filters for stator resistance and flux linkage is used in a stator
feedforward voltage estimation-based sensorless control sys-
tem. A stable estimation is achieved under full load from a
low speed to a nominal speed.

Second, the SMO shows excellent convergence perfor-
mance and stability in parameter estimation of sensorless
PMSM drives. In [45], a sigmoid function-based SMO esti-
mates the stator resistance and EEMF with reduced chat-
tering in SPMSM position-sensorless control. The stability
of position and resistance estimators can be guaranteed by
adequately selecting the control gains based on the Lyapunov
stability theorem. To improve the dynamic performance,
the SMO proposed in [45] is upgraded to an iterative con-
troller that executes the SMO multiple times within one
control cycle [101]. Further, a STO-based SMO is reported
in [47] to eliminate the chattering problem in position esti-
mation. The stator resistance estimation is then implemented
by a conventional SMO structure to update the parameter in
the STA-SMO. Besides estimating one parameter, the SMO
is also adopted for multiple parameter estimation in a stator
flux-based position estimator [100]. In this method, the stator
resistance estimator and the inductance estimator only update
one parameter and treat another as a constant. For most SMO-
based schemes, the main limitation is the chattering problem,
while some chattering-free SMO approaches aggravate the
computational burden due to the complicated structure.

Another solution for adaptive parameter estimation in sen-
sorless control is the LDO. Same as the SMO, the LDO
utilizes the error information between the measurement
and the estimator output to correct the estimated parame-
ter. The variable-structure controller in SMOs is replaced
by the linear controller, such as proportional controllers,
to avoid chattering issues. As a cost, the convergence rate
is slower compared to the SMO. In [59], the temperature-
related parameters, including the stator resistance and flux
linkage, are estimated at low speed and high speed, respec-
tively, by the LDO. The separate design in estimation
can avoid the rank-deficient problem. In [61], the stator
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resistance estimator is embedded in a stator flux-based speed
estimator for wide-speed parameter estimation, and the robust
gain selection is achieved by considering the local stability
of the closed-loop estimation system. A q-axis inductance
identification method is analyzed in [15] using an adaptive
PI controller with the assistance of high-frequency sinu-
soidal current injection, but other motor parameters are not
estimated. Furthermore, a comprehensive multiple parame-
ter estimation scheme in sensorless control is designed in
[96]. Unlike the previous methods that cannot estimate all
parameters, the adopted approach can estimate the stator
resistance, stator inductance, and flux linkage of a sensorless
SPMSM drive simultaneously. The rank-deficiency and ill-
convergence can be solved by injecting high-frequency sig-
nals into the stator.

4) OTHER APPROACHES
Other parameter-adaptive sensorless control methods treat
the parameter estimation problem in new directions
[102]–[104]. As mentioned before, the simultaneous esti-
mation of the stator resistance and flux linkage in steady-
state is rank-deficient. The solution proposed in [102] solves
this issue by considering the odd-harmonic EEMF in the
PMSM drive. Besides the fundamental components used in
conventional methods, the fifth and seventh harmonic EEMFs
in the PMSM provide additional information. The system
rank can increase by two, and the multiple estimations of
stator resistance and flux linkage can then be realized. Still,
the universality of the method needs further investigation
since the harmonic EEMFs are related to machine design
and the inverter nonlinearity. In [103], a numerical method
is proposed to estimate the multiple parameters in the motor
starting stage. Currents and voltages are stored in a limited
time series, and a polynomial method is used to calculate
the motor parameters (including the rotor position) from the
stored time-series data. As a possible limitation, the adopted
method in [103] is only used for initial parameter deter-
mination, while the online estimation performance in rotat-
ing conditions is not validated. In [104], a straightforward
parameter estimation method is proposed, in which the stator
inductance is estimated by calculating the induced current
magnitude under high-frequency voltage injection. The stator
resistance is calculated by injecting a dc voltage into the
α-axis. Compared to previous methods, no adaptation laws
and stabilization are required, and the parameter estimation
is independent of the position estimator. However, more extra
excitation voltages are injected into the machine, which may
cause larger torque ripples and power losses.

A summarized table of some critical features is given
in Table 3 to compare the existing motor-parameter-adaptive
position observers.

C. FREQUENCY-ADAPTIVE POSITION OBSERVERS
Frequency-adaptive position observers have drawn increas-
ing attention recently in high-speed PMSM sensorless con-
trol due to the higher estimation accuracy under distorted

conditions. Most of the existing position observers exhibit a
low-pass frequency characteristic, such as SMO [25], [41],
[45], [105], [106], PLL-based open-loop estimation [76],
[84], [107], and disturbance observers [108]–[112]. These
observers can reduce the current measurement noises due
to the low-pass frequency response or improve the load
transient performance based on the disturbance compen-
sation. However, PMSM drives often contain other distor-
tions from current measurement, inverters, and modulations,
resulting in periodic position estimation errors in sensorless
control [113].

1) SOURCES OF DISTORTIONS
One of the distortions in position estimation is the dc off-
set [113]–[117]. Current measurement bias often exists in
industrial motor drives due to the inaccurate current sensor
calibration or temperature increment. Through the current
regulators, the current bias can lead to offsets in the refer-
ence voltages. As reported in [52], the inverter nonlinear-
ity can also cause voltage offsets due to the bias current,
as illustrated in Fig. 16. As a consequence, these offset dis-
turbances degrade the performance of either the flux esti-
mation or EEMF estimation-based methods. It has a more
adverse effect in the flux estimation since the pure integration
calculation leads to infinite flux estimation [114]. The dc
offset in the stationary-frame estimated flux or EEMF can
further introduce electrical-frequency fluctuating errors in the
rotor position estimation [113]. The disturbance in the esti-
mated EEMF ê (as an example) and the position estimation
error are expressed as:{

ê = e+ ddc
θ̃e = Mdc sin(ωet + ϕdc)

(13)

where ddc is the dc distortion, and Mdc and ϕdc are the
magnitude and phase of the position error caused by the dc
offset, respectively.

Inverter nonlinearity not only increases the voltage offset
under zero-current conditions, but also is a primary source
of odd-order harmonics in flux and EEMF estimation [118].
The inverter nonlinearity in PMSM motor drives is caused
by parasitic parameters of semiconductor devices and pulse-
width modulation (PWM) deadtime [119]. It leads to volt-
age distortion between the reference voltage and the output
voltage, which is an approximate sign function of the phase
current, as illustrated previously in Fig. 16. By adopting
the Fourier series on the inverter nonlinearity characteristic,
the phase voltage distortion can be decomposed into odd-
order harmonics, of which negative fifth and positive sev-
enth distortions are dominant [118]. The tripled harmonics
can be canceled out and thus do not exist in the three-
phase Y-connected motor. Some research reports that the
flux spatial harmonics could also result in the same odd-
order distortions in the EEMF [120]. These odd harmonic
interferences cause torque ripples in PMSM drives and also
generate sixth position estimation errors, as expressed in (14).
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TABLE 3. Summary and comparison of the motor-parameter-adaptive position observers for sensorless PMSM drives.

FIGURE 16. Voltage distortion caused by inverter nonlinearity.

A straightforward solution to compensate for the impact is
using voltage feedforward based on a predefine inverter non-
linearity lookup table. However, it requires time-consuming
offline measurement, and the digital delay would limit the
compensation accuracy at high speed [121].{

ê = e+ d−5th + d7th
θ̃e = M6th sin(6ωet + ϕ6th)

(14)

where d−5th and d7th are the dominant odd-order harmonics,
and M6th and ϕ6th are the magnitude and phase of the sixth
position error.

Unlike the broadly concerned dc offset and odd-order
harmonic effects on PMSM position estimation, even-order
harmonics are rarely analyzed. This distortion is generated
by the space-vector PWM (SVPWM) [122], in which the
line-to-line voltage of the inverter is not half-wave symmet-
rical. Thus, the modulated voltage fed to the PMSM would
contain even-order harmonics, among them the second and
fourth components are dominant, as expressed in (15). The

even-order disturbance has little influence at a high carrier-
to-fundamental frequency ratio, namely at lower speed with
a higher switching frequency. Still, it should be considered in
ultra-high-speed cases since the harmonics from the SVPWM
cannot be neglected.{

ê = e+ d−2th + d4th
θ̃e = M3th sin(3ωet + ϕ3th)

(15)

where d−2th and d4th are the dominant even-order harmonics,
and M3th and ϕ3th are the magnitude and phase of the third
position error.

It can be observed that the primary distortions (13)-(15)
in the estimation exhibit specific frequency characteristics,
including dc offset (zero-frequency), odd-order harmonics,
and even-order harmonics. Therefore, frequency-adaptive
position observers would be effective solutions to address the
problem.

2) ADAPTIVE BANDPASS POSITION OBSERVERS
Adaptive bandpass position observers [19], [37], [81], [113]–
[115], [123]–[127] are better candidates in dealing with the
dc-offset issue compared to conventional low-pass position
observers. The adaptive observers are often upgraded from
advanced PLL techniques used in grid-connected convert-
ers [128]–[133]. A general control diagram of the adaptive
bandpass position observer is given in Fig. 17. The stator
flux or EEMF is first estimated from a conventional low-
pass estimator (e.g., SMO) but contains nonideal distortions.
An adaptive bandpass filter is then employed as an in-loop
controller to suppress the disturbances. Last, the PLL is
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TABLE 4. Summary and comparison of the frequency-adaptive position observers for sensorless PMSM drives.

FIGURE 17. General control diagram of adaptive bandpass position
observers [123].

FIGURE 18. Bode diagram of the SOGI.

adopted to estimate the rotor speed and position from the
filtered flux or EEMF estimation.

A typical adaptive bandpass position observer is based
on the second-order generalized integrator (SOGI) and can
be used for flux estimation-based sensorless control [123].
The Bode diagram and transfer function are given in Fig. 18
and (16), respectively. The SOGI possesses unity-magnitude
and zero-phase characteristics around the central frequency
ωo, while offering decayed magnitude at low and high fre-
quencies. Therefore, by selecting the central frequency equal
to the estimated rotor frequency ω̂e, the SOGI-based esti-
mator can extract the fundamental flux or EEMF while sup-
pressing the dc offset and noise interferences. The estimated
position from the fundamental flux or EEMF also has no
phase lag due to the zero-phase property at the fundamen-
tal frequency. Besides applying a standard SOGI, recent
research upgrades the SOGI to the third-order and fourth-
order position observers to further enhance the dc-offset fil-
tering capability of both the input signal and its quadrature
form [114], [115].

G =
kωos

s2 + kωos+ ω2
o
=

kω̂es
s2 + kω̂es+ ω̂2

e
(16)

Similar to the SOGI, the adaptive bandpass observer can
be established on other structures. In [37], the bandpass
EEMF estimation is realized by combining a first-order high-
pass filter and a low-pass filter. Different from the SOGI
that introduces zero phase error, the method needs a speed-
related compensation unit to correct phase delay caused by
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first-order filters. In [19], [124]–[126], quasi-SOGI adaptive
observers are employed as the in-loop filters for dc-offset
reduction. These observers have slightly different transfer
functions from the SOGI and can achieve the same filter-
ing capability in eliminating the dc offset. Another widely
concerned approach used as the adaptive bandpass position
observer is the proportional-resonant (PR) controllers. The
PR controller replaces the linear and variable-structure con-
trollers in the flux or EEMF observers. All estimates in the
observers, including the flux, EEMF and current estimation,
can exhibit robust noise-suppression capability. For instance,
Bao et al. explored the PR controller to address the chattering
problem in the sliding-mode EEMF estimator and reduce the
harmonic content in the estimated current and EEMF [127].
The work presented in [81] improves the performance of the
PR-based observer under low carrier ratio.

Although the adaptive bandpass position observers achieve
enhanced robustness against dc distortion than conventional
schemes, there are still critical concerns in the system non-
linearity and stability. In most methods, speed/frequency
adaptation is realized by feedbacking the estimated speed
of the PLL, but it results in highly nonlinear control struc-
ture. Observer stability becomes ambiguous and hard to be
guaranteed in such a nonlinear system. The issue does not
trouble the original application of adaptive filters in the grid-
connected converter since the grid frequency fluctuates very
slightly [130]. However, the rapid varying rotor frequency
of high-speed PMSMs poses a challenge in the adaptive
observer design, but the issue is ignored in most literature.
Although the SOGI adopts a frequency-locked loop and does
not use the feedback estimated speed, the observer parameters
need careful tuning for stability. Recently. a research work
proposed in [113] analyzes the stability issue of a complex-
coefficient (CC) adaptive bandpass observer and gives a
parameter design scheme. A speed adaptation law is obtained
based on the Lyapunov stability theorem, and small-signal
approximation is used to linearize the nonlinear observer to
facilitate the parameter tuning. As a cost, the dc offset cannot
be entirely removed compared to the SOGI-based observer.

3) ADAPTIVE MULTIPLE-HARMONIC-ELIMINATION (MHE)
POSITION OBSERVERS
The aforementioned adaptive bandpass position observers
are superior in dc offset suppression, but the capability in
low-order harmonic elimination is not enhanced. Low-order
distortions, such as second/fourth harmonics generated from
the SVPWM and the fifth/seventh harmonics caused by
the inverter nonlinearity, are non-negligible and need to be
addressed in position estimation. For the adaptive bandpass
position observers, the decaying magnitude frequency char-
acteristic in the high-frequency region can provide some low-
order harmonic reduction ability, as illustrated in Fig. 18.
Still, the performance is usually not satisfactory. Deceas-
ing the observer bandwidth is a solution to facilitate better
harmonic rejection in the steady-state, but it would lead to
transient estimation errors and even instability.

FIGURE 19. A general control diagram of adaptive MHE position
observers [118].

Adaptive MHE position observers are therefore proposed
to eliminate the low-order harmonics [118], [134]–[140].
A representative structure is given in Fig. 19. Compared to
the bandpass observer that utilizes a single in-loop bandpass
filter in flux or EEMF estimation, theMHE observers contain
a bandpass filter that extracts the fundamental component
and several bandstop filters to cancel the selected-frequency
low-order harmonics. The bandstop filter often has the same
structure as the bandpass filter but with an inverse magnitude
characteristic.

Wang et al. proposed an adaptive MHE position observer
by employing several SOGIs in parallel to eliminate the fifth
and seventh EEMF harmonics [118]. It is an upgrade from
the SOGI-based bandpass observer by adding two SOGI-
based bandstop filters with the notching frequencies at 5ω̂e
and 7ω̂e, respectively. The transfer function the MHE struc-
ture is expressed in (17), and the Bode diagram is shown
in Fig. 20. As observed, two notching points at the selected
harmonic frequencies are generated with zero-magnitude
response, thereby eliminating the selected low-order harmon-
ics. Since the SOGI frequency characteristics are symmetric
in both positive and negative frequency ranges, the design
of notching feature at 5ω̂e and 7ω̂e also works at −5ω̂e and
−7ω̂e. Therefore, the primary distortion of −5ω̂e and 7ω̂e
harmonics caused by inverter nonlinearity can be eliminated
by the SOGI-based observer. However, for some bandpass
filters, the frequency characteristic is asymmetric, and thus
the notching design should consider the sign of the harmonic.
Besides the SOGI, other types of adaptive bandpass filters
can be employed in series or parallel to configure the MHE
position observer, such as the vector filter proposed in [135].

GMHE = G1
1− G5 − G7 + G5G7

1− G5G7 − G1G5 − G1G7 + 2G1G5G7
(17)

where G1, G5, G7 are the transfer functions of the SOGI with
the central frequency of ωe, 5ωe, and 7ωe, respectively.
Another class of adaptive MHE position observers is the

learning mechanism method. By monitoring the operating
conditions of the PMSM, learning units or networks in the
observer can self-adjust weighting factors and adapt the har-
monic characteristic in position estimation. The structure
of the learning mechanism-based MHE observer is shown
in Fig. 21. The learning mechanism is often selected as the
RLS algorithm or the least-mean-square (LMS) algorithm.
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FIGURE 20. Bode diagram of the MHE-SOGI.

FIGURE 21. Structure of the learning mechanism-based MHE
observer [138].

In [136], the RLS algorithm combined with a sliding-mode
EEMF estimator is proposed to filter the fifth and seventh
harmonics adaptively. Filter coefficients and gains can be
updated online through autocorrelation matrixes. In [137],
an LMS algorithm is adopted with fifth and seventh harmonic
estimation branches for adaptiveMHE in position estimation.
Comparative studies of the RLS-based and LMS-based adap-
tive filtering network are conducted in [134], which validates
that the RLS algorithm has better dynamic performance with
lower ripples in position and speed estimation. An enhanced
learning mechanism using a bilinear RLS adaptive filter is
analyzed in [138], which can enhance the convergence rate
and motor stiffness further.

Though more harmonic components are considered in the
adaptive MHE position observers than bandpass techniques,
the increasing computational burden due to the complicated
filtering network limits the potential application in indus-
trial PMSM drives [139]. Besides, the high-order system
requires more accurate discretization methods, especially at
high speed [141], which makes the digital implementation
complicated. To ease the problem, a recent work proposed
in [139] adopts an adaptive comb filter for MHE posi-
tion estimation. The adaptive comb filter is developed from
the moving average filter used in grid-connected control
[132] but with improved dynamic performance contributed
by a Lyapunov-theorem-based frequency-locked loop. This
approach does not use the high-order filtering network;
instead, a more straightforward structure shown in Fig. 22
can provide notching characteristics for primarily odd-order

FIGURE 22. Structure of the MHE adaptive comb filter [139].

FIGURE 23. Bode diagram of the MHE adaptive comb filter [139].

and even-order distortions according to the Bode diagram
in Fig. 23. Besides, the observer is configured by sev-
eral digital delay operators, which results in an easier dis-
crete implementation than the high-order filtering network.
Another approach with reduced computational burden pro-
posed in [140] utilizes the iterative learning control for
adaptive voltage compensation. The method can consider all
possible distortions as a unified disturbance, and a single
iterative learning algorithm can converge the unified per-
turbance to zero by generating a feedforward compensation
voltage.

Similar to the adaptive bandpass position observer, most
of the existing MHE research does not analyze the stability
and parameter design scheme due to the complicated observer
structure [118], [134]–[138]. A recent attempt is to linearize
the MHE position observer around its fundamental frequency
[139], in which the bandwidth and phase margin can be
approximated obtained. A proposed speed adaptation law can
locally guarantee observer stability, and a parameter design
scheme is given according to the linearized model. However,
modeling errors are inevitable due to the approximation in the
position observer and cause some theoretical mismatch, and
thus more investigations are needed.

A summary and comparison table of the frequency-
adaptive position observers is given in Table 4.

IV. FUTURE WORK
While the sensorless PMSM control techniques have been
studied from decades ago to now, improvements can still be
performed in the existing algorithms. This section examines
the future trends in this topic.

56410 VOLUME 9, 2021



C. J. V. Filho et al.: Observers for High-Speed Sensorless PMSM Drives

A. OBSERVER ROBUSTNESS EXPANSION FOR HIGH
SPEED SENSORLESS CONTROL UNDER LOW SAMPLING
FREQUENCY
From the new PMSM sensorless research topics presented
in section III, the operation under low fratio has the fewest
studies. The current design algorithms still lack of robustness
analysis tools and, since the FOO is shown to have its sta-
bility dependent on the actual rotor speed, the discrete-time
observer design should evaluate the robustness in relation to
speed estimation error. Thus, it will be possible to evaluate
and extract the lowest fratio for each operation point. The
analysis of the effects of the sampling frequency on the rotor
position and speed estimation, similarly to the parameter
variation analysis already presented in the literature, should
also be performed. Furthermore, design procedures robust to
parameter variation can also expand the fratio that proved to
be limited when the PMSM is under load.

B. IMPROVEMENT IN PARAMETER ESTIMATION FOR
PMSM SENSORLESS CONTROL
Motor parameter estimation in position-sensorless control
of PMSMs still has challenges in the full-speed region.
First, existing approaches are almost model-based, which
are unavailable at zero speed due to the low signal-to-noise
ratio. Hence, parameter estimation may suffer from low
accuracy or be unstable under standstill conditions. Second,
the rank-deficiency in multiparameter estimation is often
solved by injecting additional signals into the stator. Still,
it limits the machine’ output power and cannot be used for
a high-speed motor drive. Consequently, a full-speed param-
eter estimation scheme is expected. In addition, the parame-
ter estimation of the IPMSM is more complicated than the
SPMSM due to the decoupling between the dq-axes and
more parameters (i.e., two inductances), while most of the
work studies on the SPMSM.Advanced parameter estimation
strategies could be investigated for IPMSM drives.

C. PERFORMANCE ENHANCEMENT IN
FREQUENCY-ADAPTIVE POSITION OBSERVERS
First, the low-speed performance of the frequency-adaptive
position observers needs to be improved. These observers are
usually adopted in model-based position-sensorless control
at high speed because the frequency difference between the
fundamental component and harmonics is significant, making
the fundamental signal extraction and harmonic elimination
easier. However, the frequency difference becomes indis-
tinguishable at zero and low speed. A reduced bandwidth
is often required at a lower speed for to maintain accurate
position estimation without harmonics. Still, the dynamic
performance would be degraded and even cannot support the
stable driving. More attention can be drawn in the future
to enhance the distortion rejection capability for low-speed
operation.

Second, the dynamic performance of the position
observer should be further improved. The frequency-adaptive

observers inevitably introduce transient phase delay in posi-
tion estimation. It causes transient position estimation errors
when the rotor speed changes rapidly. Due to the nonlinear
observer structure, it is necessary to research on observer lin-
earization to analyze the stability property and dynamic char-
acteristics. An instructive parameter design scheme needs
to be given to for adequate trade-off between the dynamic
performance and harmonic rejection capability. Moreover,
the high-bandwidth adaptive position observer design would
be another interesting direction to enhance the dynamic
performance.

Another possible research direction is to combine the
motor parameter estimation with the frequency-adaptive
position observers. The existing frequency-adaptive observer
designs are all model-based, while the motor parameter mis-
match would cause additional position estimation errors.
Hence, cooperating with an online parameter identification
methodwill be an attractive research work to enhance the sen-
sorless control performance. However, it raises a challenge
that the nonideal distortions in PMSM drives can also lead
to inaccurate motor parameter estimation. The frequency-
adaptive mechanism needs to be adopted in the parameter
estimation scheme to improve the identification accuracy.
In terms of complexity and computational burden, using
a single frequency-adaptive observer to estimate the rotor
position and motor parameters simultaneously will be more
industry-oriented. For this nonlinear estimator, the stability
and optimal parameter design are crucial issues.

V. CONCLUSION
The PMSM sensorless methods have been widely used due
to its cost and volume reduction capabilities, which leads to
a vast research in order to achieve similar performance from
the drives with sensor. A comprehensive review of observer
methods for position sensorless PMSM drives, as well with
the major tuning challenges for high performance estimation
under non-ideal driven conditions, is presented in this paper.
First, the major observer algorithms, used to improve the
estimation performance from the standard open-loopmethod,
with its design and stability constraints are investigated.
Then, the dominant recent research topics are presented,
which are the maintenance of estimation performance under
low-sampling frequency and parameter estimation for posi-
tion sensorless enhancement. Frequency-adaptive observers
for harmonic reduction and performance improvement is also
investigated.
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