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Abstract—For permanent magnet synchronous machines
(PMSMs), high-performance control strategies rely on sensors to
obtain accurate information of rotor position and speed. However,
mechanical sensors are expensive and susceptible to harsh environ-
ment. Therefore, various sensorless control strategies have been
proposed and intensively investigated for decades. Among them,
sliding mode observer (SMO) based sensorless control method has
drawn increasing attention due to its simple implementation and
strong robustness. This article presents a comprehensive review
of SMO-based sensorless control strategies for PMSMs reported
in the literature. State-of-the-art SMO-based sensorless control
strategies have been reviewed and investigated, and the design of
SMO under nonideal conditions is presented as well. In addition,
future research trends for SMO-based sensorless control strategies
are also discussed.

Index Terms—Permanent magnet synchronous motors, sensor-
less control, sliding mode observer (SMO).

I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)
P are widely employed in servo control, automotive,
aerospace, and wind power generation systems due to its high
power density, high efficiency, and simple structure [1], [2], [3].
For improved system performance, high-performance control
strategies rely on sensors to obtain accurate information of rotor
position and speed. Thus, position sensor such as the optical
encoder or a resolver needs to be installed on the machine shaft.
The employment of these extra position detecting devices and
associated signal processing equipment for position information,
on the other hand, is well known to increase costs. In reality,
not only is the cost of the position sensor itself considered, but
also the cabling, the appropriate connectors and the interfaces,
and all associated expenses have to be considered as well [4].
Besides, the encoder also reduces the system reliability since itis
susceptible to harsh environment. Therefore, various sensorless
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control algorithms for the elimination of speed and position
sensors have been proposed.

The sensorless control techniques for rotor position estima-
tion are mainly classified into two categories: high-frequency
injection (HFI) based methods and model-based methods. For
zero- and low-speed motor operation, the HFI-based technique
is used, however, it is prone to generating high-frequency noise,
which affects system performance. Moreover, the accuracy of
the position estimation depends strictly on the rotor saliency. A
detailed discussion of feasibility region of HFI-based sensorless
control methods for PMSMs can be found in [5].

The model-based sensorless control strategy is noninvasive
and applicable for medium- and high-speed motor operations.
For the model-based position sensorless control method of
PMSMs, the extended electromotive force (EEMF) model [6]
and the active flux (AF) model [7] (also defined as “extended
rotor flux” model in [8] or “equivalent EMF” model in [9]) are the
most popular models for PMSMs to obtain the related position
information. Both of these two models have their own benefits
and limitations. For the EEMF model, its magnitude varies with
the motor speed. At low-speed conditions, its magnitude is very
difficult to accurately extract due to the small signal-to-noise
ratio (SNR). Compared to the EEMF model, a salient feature of
the AF model is its constant magnitude regardless of rotating
speed. However, an integrator is normally required to calculate
the flux terms. In this case, some practical issues, e.g., current
sensor dc offset, integrator dc offset, and initial condition, should
be carefully handled [10]. In order to simplify the paper represen-
tation, the EEMF model is used in the equations and figures of the
article and the AF model for PMSMs is provided in Appendix A.

Various model-based position observers have been proposed
to extract position information from EEMF model or AF model,
such as the linear observer method [11], [12], [13], [14], sliding
mode observer (SMO) method [1], [2], [15], and Kalman filter
(KF) method [16], [17], [18], [19]. For linear observers, such
as the Luenberger observer, the main advantage is its simple
structure. However, as a nonlinear and strong coupling system,
the characteristic of the PMSM cannot be well estimated by
linear observers, which may result in poor estimation perfor-
mance and even instability in the sensorless control system.
Additionally, for linear observers, the gain design is based on the
pole placement technique and system uncertainty and external
noise are not taken into account. In contrast, the KF-based
methods, such as the extended Kalman filter [19], compute the
observer gain matrix in each controlling cycle to balance trust
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Fig. 1. Block diagram of SMO-based sensorless control of PMSM.

between model and sensor accuracy. Therefore, good robustness
and anti-disturbance ability can be achieved. However, the high
computational cost and difficulty in designing the covariance
matrices cannot be ignored in the real implementation. Nowa-
days, the SMO approach has become one of the most popular
position sensorless control methods for PMSMs due to its ro-
bustness and straightforward implementation. As a nonlinear
observer, the control loop in the traditional linear observer
is replaced by a sliding-mode variable structure in the SMO.
Therefore, there are only two operating states of the system
(e.g., “ON”/“OFF” or “forward”/“reverse”). These two operating
states are artificially set, so they only depend on the selected
convergence variables and are insensitive to parameter variations
that enter into the sliding mode control channel [20], [21], [22].
Overall, the SMO approach is robust while having a simple
structure. These favorable properties make SMO the mainstream
model-based position sensorless control method for industrial
applications.

This article aims to present a comprehensive review of the
state-of-the-art solutions for SMO-based position sensorless
control of PMSM drives. First, the design of SMO for position
sensorless control of PMSMs in two different reference frames
(stationary coordinate and estimated rotating coordinate), is
systematically studied. Then, the relevant contributions recently
reported in the literature to overcome the main technical limita-
tions for SMO used in position sensorless control for PMSMs,
including the chattering phenomenon and infinite-time conver-
gence, are analyzed and summarized. The nonideal effects of
parameter variation, low-frequency ratio, and inverter nonlin-
earity on the SMO-based position sensorless control are also
investigated. Finally, the existing challenges and future trends
are discussed.

II. REVIEW OF EXISTING SMO-BASED SENSORLESS CONTROL

Fig. 1 represents the block diagram of the PMSM sensor-
less control system with the conventional SMO. Instead of the
mechanical position sensor, the SMO is used to estimate the
position and speed of the rotor by using the stator voltage and
current measurements. Then, the estimated position and speed
can be used for speed control and coordinate transformation. The
design of SMO for PMSM position sensorless control system
can be carried out in two different reference frames: stationary
af coordinate and estimated rotating dg coordinate (d'-q" axis),
as shown in Fig. 2. In this section, the design of SMO is reviewed
along with comparisons in two different coordinate systems.
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Fig. 2.

Different reference frames in a PMSM drive.

A. SMO Design in Stationary o3 Coordinate System

The EEMF model of a PMSM in the stationary coordinate
system can be represented as

Ry, —weLal . Ly O
Uqp = |:weLA RS :| (2] —+ |: d :l

0 Ly
dig
dtﬁ + €ap 1
e —E —sinf, (M
af = Fer | o050,

Eep = (La — Lg) (weid - %’) + wety

where E ., represents the EEMF, which was first introduced in
[6]; ap = [Uo ugl” anding = [in ig]” are the stator voltage and
current vectors in the -3 axis, respectively; e,5 = [eq e 5]T is
the EEMF in the a-/3 axis; R, is the stator resistance of PMSM;
L and L, are the d—q axis inductances of PMSM; w. is the rotor
electric angular speed; 0. is the electrical angle of the rotor; )¢
is the permanent magnet flux; i; and i, are stator currents in the
d-q axis, respectively; and Ln = L, — Lg.

The EEMF contains the information of the rotor position and
speed of the motor. Therefore, the speed and position informa-
tion of the motor can be calculated from the EEMF. Taking a—f3
axis currents as the state variables, (1) can be transformed into
the state equation of the stator currents as follows:

dia,@ _ [ 7% L‘)CLI;A i 5+ L (’LL 5—e ﬁ) 2)
- GL RS « « « .
dt |- -7 La

To obtain the estimated EEMF, the conventional SMO in the
«-f3 axis is designed as

d;, B [ = @elia ~ 1
ap Lq Lq ; ’
We I R ,LO‘B ( af OZB) (3)
dt —re=a L.lA I Ly

where z,5 = [za ZB]T is the control input of the observer; and
the symbol “” represents the estimated value.
Since the stator current is the only physical quantity that can

be measured, the sliding surface is selected on the stator current
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path as
SaB = %aﬂ = %aﬁ - 7:04[3 (4)

where the symbol “~” represents the variable error, which refers
to the difference between the observed value and the actual value.
Then, the sliding mode control law is defined as

zap = Kopsgn (%ag) (®)]

where sgn(x) is the sign function and K.3 = [K, K3] is the
sliding mode gain in the a—f axis.

Taking (2) and (3) as the difference, the error equation of
stator currents can be obtained as

dia _ R, L P . 1

e = — Lo — L—? (w615 — w615) + L—d(ea - Zq) ©
di o3 L R .

dzf = —Ig—dzﬂ + L—j (weza — weza) + L%(eﬁ — 28).

In order to analyze the stability of SMO, make the positive
definite function be a Lyapunov function’s candidate

1 1

According to the Lyapunov stability theorem, when the Lya-
punov equation satisfies dV/dr < O for V > 0, the system is
asymptotically stable [1]. Taking the derivative of (7), following

equation can be obtained:
dvag dsa dSﬁ

= 50— —2. 8

(S ATRRRART > ®

dt

Based on (7), it is clear that V.3 > 0. Then, according to the
Lyapunov stability theorem, by deducing dV,s/dt < 0, we can
conclude that the SMO can reach a stable state. Substituting (4)
into (8), dV,z/dt can be derived as

dV g
Sdt
. dip - dig
T T

_ weia) + fd (eﬁ — Zﬁ)) .
)

To satisfy dV,z/dt < 0, (9) is decomposed into two equations
as

~f (2 +7) <0
z—(; (ea — K,sgn (Lx)) + % (eﬂ — Kgsgn (;5)) < 0.
(10)
Therefore, the observer gain matrix K,z can be derived to
satisfy the inequality condition as

K3 > max(|eqs|). a1

Based on the above analysis, when the gain K,z satisfies
the condition in (11), the system state will reach the sliding
surface. When the state variable of the observer reaches the
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Fig. 4.  Graphical representation of sliding mode control [27].

sliding surface s = 0, the observer state will always remain on
the sliding surface. When the system reaches the sliding surface,
the following equation can be obtained based on (2) and (3):

€as = 2zap = Kagsgn (iaﬁ) (12)

which means that the EEMF can be estimated by using the
equivalent control of the observer. Based on (12), the actual
control signals are discontinuous switching signals. Therefore,
a low-pass filter (LPF) is normally used to extract EEMF com-
ponents as

. Weutoff
e = —2 (13)
o S + Weutoff op

where weytofr represents the cutoff frequency of LPF. Then, the
rotor position and speed can be estimated through the estimated
EEMF based on (14) and (15). The overall block diagram for
the conventional SMO in the a- axis is presented in Fig. 3

ée = — arctan (%) (14)
ep
dd,
Ae = . 15
w a (15)

However, due to the use of the arctangent function in (14), the
estimated position and speed are sensitive to noise and harmon-
ics. Serious estimation errors can be obtained when ég crosses
zero if the arctangent function is used to extract the position
information. Therefore, the phase-locked loop (PLL) algorithm
is commonly used for position and speed extraction. However,
it is noted that a rotor position error of 180° will be generated
with conventional PLL when the speed direction is changed
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[23], [24], [25]. Therefore, when both positive and negative
speed of the PMSM is required, improved PLL algorithms, such
as tangent function based PLL [23], can be used to guarantee
position estimation accuracy.

B. SMO Design in Rotating Estimated dq Coordinate System

The PMSM mathematical model in the rotating dq coordinate
system based on EEMF model is given by

Ry, —w.L,| . Lg 0 dig,

Uqq = [weLq R, q:| Tdq + |: 0 Ld:| d(; + €dq
0

€dq = E

(16)
where u g, = [uq uq]T and ig, = [ig i4]" are the stator voltage
and current vectors in the d-q axis, respectively; eqq = [eq eq]T
is the EEMF components in the d-¢ axis.

In the position sensorless control, the dg model cannot be
directly utilized since the rotor position is not measured. There-
fore, the mathematical model in the estimated dg coordinate
system (d'-q" axis), which lags by O\tilde. from the real dg
coordinate frame as shown in Fig. 2, is derived as follows by
transforming (1) into the d"-q" axis:

u o RS —wequ i + Ldv 0
dvqv = wequ RS dvqv

]T

0 Ly
digvgv —‘redqu ~ (17)
—sin(6,) . —igv
vqv = Eea; N e — We Lo . q
R i RS o

where ug",} = [ug” u,/1" and iy"," = [ig" i,"]" are the stator
voltage and current vectors in the d'-q" axis, respectively; e;" ;"
= [eg" qu]T is the EEMF components in the d*-¢" axis; and
L;" and L,” are the d'-q" axis inductances. The design process
of SMO in the d"-¢" axis is similar to the SMO design in the
a—0 axis and can be found in [26]. Due to the high-frequency
switching function, the SMO designed in the «-/3 axis normally
needs an LPF to extract EEMF components. However, it will in-
evitably introduce phase delay in the estimated position. On the
other hand, the observed value is a dc signal for SMO designed
in the d*-¢g" axis, and the phase compensation is not required
due to negligible delay. However, based on (17), when there is
an error between real speed and estimated speed, the position
error will exist even though d'-axis EEMF 7" is controlled as
zero. This position error will become more serious during the
transient operation, where the estimated speed cannot perfectly
track the real speed.

III. REVIEW OF ENHANCED SMO DESIGN IN POSITION
SENSORLESS CONTROL OF PMSMs

Although SMO is well-known for position sensorless control
due to its easy implementation and robustness, two inherent
problems, namely, chattering phenomenon generated by the
discontinuous control law and infinite-time convergence caused
by the linear sliding-mode surface, restrict the wide application
of SMO. In this section, these technical problems of SMO are
discussed, and various enhanced SMO-based position sensorless
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Fig. 5. Comparison of different switching function.

control strategies toward solving these inherent problems of
SMO-based position sensorless control of PMSMs are reviewed.

A. Enhanced SMO Toward Chattering Problem

Sliding mode control consists of two phases: reaching phase
and sliding phase as shown in Fig. 4, in which e and de/d¢ denote
the tracking error and first-order time derivative of the tracking
error, respectively; and “7” in s(7) is the independent time variable
[27]. The basic principle of sliding mode control theory can be
found in [28]. The main strength of using the sgn(x) functionisits
robustness, and the control action can be as simple as switching
between two states: ON and OFF. It does not need to be very
precise. Furthermore, it is not sensitive to parameter variations
that enter into the control channel. However, the switching
function sgn(x) causes the control gain to switch from one state
to another every time the trajectory crosses the sliding manifold.
Although in theory the trajectory is supposed to “slide” on the
sliding manifold, in practice there are imperfections and delays
in the switching devices, which leads to chattering [29]. And the
chattering phenomenon will be aggravated with the high gain
value set in the SMO. Therefore, unavoidable chatters may exist
in the estimated position for the practical application. To deal
with the chattering issue, different methods have been proposed
in recent years as categorized as follows.

1) Use of Smoother Switching Functions: Many continuous
switching functions have been proposed in state-of-the-art re-
search work to replace the discontinuous sgn(x) function in the
vicinity of sliding manifold to eliminate the chattering, such
as the saturation function and the sigmoid function as shown
in Fig. 5 [30], [31], [32], [33]. Inside the boundary layer, the
switching function is approximated by a linear feedback gain
instead of the discontinuous function. Based on the comparison
study conducted in [34], the sigmoid function shows better
performance for canceling the chattering problem compared to
the other two switching functions. However, the boundary layer
thickness has the tradeoff relation between control performance
of sliding controller and chattering decrement [35]. Narrow
boundary layer range increases convergence speed of the sliding
mode motion but introduces chatters and harmonic distortions
in EEMF estimations; while wide boundary range suppresses
chatters but reduces robustness of the control system due to
the approaching speed reduction and accumulates estimation
errors due to the small gains near the switching boundary [36].
Therefore, using a constant high gain is insufficient to guarantee
the performance of SMO-based sensorless control under all the
operation conditions.
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2) Design of Higher Order SMO: In [37], [38], and [39],
the second-order (full-order) SMO is constructed by taking
both current and EEMF as the state variables. In this way, the
sliding mode gain only needs to be set higher than the maximum
estimation error of EEMF, which means that the sliding mode
gain is smaller and the chattering can be reduced

g %aﬁ — A %aﬁ
At |eas 5 | s

Ks “ .
+ Bsecua,@ - — sgn (Zaﬂ - Za,ﬁ) (18)
Lq
with
r R welL 1
Lg LdA T La 0
_weLn  _Rs 0 _ 1
Ascc - La La La 5
0 0 0 —We
L O 0 We 0
r1
i 0
0o -
Bsec = La )
0 0
L0 0
K o -ll 0 ma 0 T
=10 I, 0 my

where /1 o and m; o are the gains. To ensure the stability of
full-order SMO, the gains /1 » need to satisfy [37]

1172 > max (‘é(yﬁD . (19)

Based on (19), the sliding mode gain only needs to be set
higher than the maximum estimation error of EEMF. Although
the second-order SMO can reduce the sliding mode gain by tak-
ing both currents and EEMFs as the state variables, its dynamic
performance is limited since the derivatives of the EEMF terms
are assumed zero and sgn(x) function is still adopted. Moreover,
the computation burden is increased.

Another method to solve the chattering issue is to apply super-
twisting algorithm (STA), which is also one of the second-order
sliding mode algorithms, into the SMO-based sensorless control
[40], [41], [42], [43], [44]. The sliding mode law in the STA-
SMO is defined as

zstA = — ksTa %aﬂ —1a3| sgn (%aﬁ — iaﬁ) + &Esta
di% = —ksTA,25¢n (’;aﬁ - iaﬁ)

(20)
where zgra is the control input of the STA-SMO; kg4 1 and
ksTa 2 are, respectively, the gains of the primary and auxiliary
sliding surfaces. The selection rules of switching gains can be
found in [44]. In the STA-SMO, as can be seen from (20), the
high gain switching functions are transferred into the deriva-
tion of £sta and then are added to zgTa through the integral,
which is kind of equivalent to LPF of the high gain switching
function and can essentially suppress the chattering. Therefore,
STA has offered a method of enforcing sliding modes with
continuous control action and as a result reducing chattering
effect, caused by discontinuous input. However, the performance
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Fig. 6.  Adaptive control algorithm for SMO [53].

of STA-SMO is sensitive to the selection rules of switching
gains: ksa 1 and ksta 2 [45], [46], [47], [48], [49], and there is
always a tradeoff for the gain selection in STA-SMO. Therefore,
several adaptive observers have been proposed online tuning of
the sliding mode gains based on perturbation in [50] and [51].

3) Use of an Adaptive Gain: The reason to use constant high
gain is due to the upper bound of unknown disturbances. To
reduce the chattering caused by the constant high gain, different
adaptive SMO design methods have been proposed in recent
years. For example, the upper bound of EEMF can be directly
calculated based on the machine parameters and operating points
in [52]. However, the accuracy of this method has a strong
parameter dependence. Without the knowledge of uncertainties
bound, the adaptive control algorithm concept is introduced
in the adaptive SMO design for position sensorless control of
PMSMs toreduce chattering in [53]. The adaptive gain algorithm
is defined as follows and shown in Fig. 6:

t

Kop(®) =1 [ (Jsusl =nKos@)dt @D

9]
where h and 7 are positive constants. When [s.s| > nK,zs,
the switching gain K,z increases until [s,s| < nK,p. As the
switching gain K,g becomes larger, the sliding variable s,z
will tend to approach the sliding manifold more quickly. Once
Isas| = O, the adaptive gain will stop increasing and become
a constant value that satisfies the reaching condition. Once the
sliding mode is destroyed when speed or load torque changes,
the adaptive gain will change with respect to the current per-
turbations until the sliding mode starts again. This method can
ensure the existence and stability of the adaptive sliding motion
without the knowledge of uncertainties bound. However, the
selection of /2 and 7 still needs the prior knowledge.

In [54], [55], and [56], fuzzy logic control theory is em-
ployed to adjust the high constant gain adaptively in the SMO
to suppress the chattering phenomenon significantly without
decreasing system stability. In this method, the conventional
SMO structure is unchanged and a fuzzy logic controller (FLC)
is designed and embedded into the SMO to change the observer
gain adaptively with the output current error, which is a propor-
tional factor of the observer gain. However, the FLC is designed
with fixed universes based on experts’ experience [54]. In order
to increase the precision of control, more fuzzy control rules
need to be designed. However, it will increase the difficulty of
the design procedure and lead to the so-called rules explosion
problem. Therefore, the existing fuzzy-logic-based SMO could
be inefficient or not practical since it employs numerous design
parameters and complex rules.

4) Elimination of Reaching Phase: As aforementioned, the
discontinuous control ensures that the switching function



ZUO et al.: REVIEW OF SLIDING MODE OBSERVER BASED SENSORLESS CONTROL METHODS FOR PMSM DRIVE

remains on the sliding manifold in spite of the uncertainties
during the sliding phase. Since the robustness is not guaranteed
during the reaching phase in the conventional SMO, the integral
sliding mode observer (ISMO) is designed to eliminate the
reaching phase by enforcing the sliding phase throughout the
entire system response [57], [58]. Compared with the conven-
tional SMO, the ISMO guarantees the sliding mode invariance
from the beginning, and it realizes the chattering alleviation
while ensuring a fast and accurate tracking [59], [60]. The
ISMO control law consists of continuous nominal control and
discontinuous control. The integral sliding surface for ISMO is
designed as

Sap = (%QB - iaﬂ) +A/ (%aﬁ - iaﬂ)dt 22)

where A is a positive constant.

The idea behind the ISMO is that a high-frequency switching
gain is designed to force the states to achieve the integral
sliding surface, and then the integral action in the sliding surface
drives the states to the desired equilibrium in the presence of
mismatched uncertainties [59]. In the ISMO, smaller maximum
control gain is required since the value is usually bigger during
the reaching phase. However, integral action, on the other hand,
is well recognized to have some negative consequences on
control systems, such as excessive overshot and a long settling
time.

B. Enhanced SMO Toward Finite-Time Convergence

To analyze the convergence characteristic of estimated EEMF,
the estimation error of e,z is represented as (33)

€q — éa d 2 . o .
[65 - éﬁ} — <dt ) e O "w))

(23)
with
_Rs Wela
_ Ld Ld
Aap = _&.La _RS]
Lqg Lqg

In the conventional SMO, the errors between the actual current
and the estimated current can be forced to zero according to
the sliding mode control law when system state reaches the
sliding surface. However, the derivative of current errors cannot
be guaranteed to zero. Therefore, based on (23), the estimated
EEMF cannot achieve finite-time convergence to zero when the
derivative of current errors is nonzero, which causes errors in
the estimated rotor position. To solve this issue, the nonlinear
surface is introduced in the design of SMO.

The concept of terminal sliding mode (TSM) was first pro-
posedin [61] to guarantee a finite-time convergence of the states.
The finite-time convergence in this article means that the sliding
manifold can be reached in a finite time. However, the singularity
problem exists with traditional TSM, which means, in some
areas of the state space, the control input may require to be
infinitely large in order to maintain the ideal TSM motion. Due to
this singularity problem, TSM theory cannot be directly applied
to SMO-based position observers in the practical application. To
solve this issue, the nonsingular terminal sliding mode observer
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(NTSMO) has been proposed in [62], [63], [64], and [65], which
can provide a finite convergence time and avoid singularity at the
same time. The nonlinear sliding surface for NTSMO is defined
as

Pl

X d /-~ 7
Sap = ('Laﬁ — ’l,aﬁ) —+ O'& ('L(,[g — ’Laﬂ) ! (24)

where 0 > 0 and 1 < (p1/q1) < 2. Based on [64], [65], [66],
and [67], the NTSMO manifold (24) will be reached in a finite
time. Suppose that 7, is the time when 5,3 reaches zero from
5(0) # 0. Once the sliding surface s, 3 reaches zero, it will stay
at zero. Based on (24), the errors between the actual current and
the estimated current and their derivation will converge to zero
within a finite time. The total convergence time ¢, is given as

P ohax (1 (u —z'j) (t,) ) . (25)

p1—q1i=eB \ o
Although the nonlinear sliding manifold is used to ensure the
finite-time convergence, the discontinuous switching function
is embedded in first-order derivatives in the NTSMO. There-
fore, it still suffers from chattering. To achieve the chattering
suppression and the finite-time convergence simultaneously, the
higher order terminal sliding mode (HOTSMO) method has been
designed. The main idea of HOTSMO is to incorporate integral
errors of states into the terminal sliding surface [68]. The sliding
mode law in the HOTSMO is defined as

ty=1t, +

~ vy ~
Zap HOTSMO = —B|tas — tap| 580(2ag — Tag) + &1
% = —kisgn(srsmo) + wré1

4 . 4 . v
STSMO = % ('Laﬁ - 'Laﬂ) + /8(7'6%[3 - 20(5)

sgn (%ag — iaﬁ>
(26)
where k1, 1, wy, 3, and y are designed parameters.

The proof of stability and finite-time convergence can be
found in [68] and [69]. Based on (26), the chattering suppression
is achieved by transferring the discontinuous control into the
derivatives of second-order control law and the convergence in
finite time is achieved through the designed terminal sliding sur-
face. Even though the HOTSMO can realize chattering suppres-
sion and finite-time convergence simultaneously, the practical
design of HOTSMO is still a challenge. There are five unknown
parameters in (26) that need to be selected, which undoubtedly
brings difficulty to the observer design. Besides, due to the com-
plicated algorithm in the HOTSMO, the computational time is
long in the HOTSMO when implemented in the processor. Based
on the results presented in [69], the computational time of the
HOTSMO is around twice of the traditional SMO. To conclude
this section, the state-of-the-art design of SMO for sensorless
control of PMSM is summarized and compared in terms of their
remarkable properties and disadvantages in Table I.

IV. DESIGN OF SMO UNDER NONIDEAL CONDITIONS

In the ideal case, the control signal generated by the sliding
mode control law is discontinuous and switches at infinity fre-
quency with finite amplitude, which assures the sliding motion
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TABLE I
SUMMARY OF ENHANCED SMO DESIGNS FOR ADDRESSING INHERENT PROBLEMS IN THE CONVENTIONAL SMO

Inherent i
problems Approaches Type of SMO Advantages Disadvantages
S;i:}fhslmoother Boundary layer SMO [30], [31] |= Replace the discontinuous function to : Sigéﬁ?:t;?: Cszrsotf?:;ggﬁfm:;sboun da
ne [31], [32], [33], [34], [35], [36] | smooth output ystate pending Ty
functions layer selection
Design of higher |Full-order SMO [37], [38], [39] | ® Smaller control gain required * Limited dynamic performance
. order SMO STA-SMO [40], [41], [42], [43] Sutist . N o . Perfomance is sensitive to parameter
Chattering (441, [50], [51] atisfactorily attenuate chattering issue | selection
::;M an adaptive Adaptive SMO [52], [53] ) E\:ltl?lfiut the knowledge of uncertainties |, Stability is sensitive to parameter selection
FLC-SMO [54], [55], [56] = Robustness with disturbance = Require expert knowledge
Ellmlpatmn of ISMO [58], [59], [60] * Fast and accurate t'rackmg' = Potential overshoot due to integral action
reaching phase = Smaller control gain required
S Design of NTSMO [62], [63], [64], [65], | Fast convergence to the desired state ' Chat-termg exists due to first order
Finite-time nonlinear slidin [66], [67] continuous control law
Convergence surface & HOTSMO [69] = Achieve chattering suppression and = Complicated tuning procedures
finite-time convergence simultaneously |® Long computational time

under disturbance and uncertainty [70]. However, such perfect
performance can only be achieved in the ideal case. In the real
implementation, the SMO performance will be degraded due to
the physical limitations of switching, which leads to a change
in control laws aimed at achieving an effective tradeoff between
tracking performance and system uncertainty. To maintain the
high performance of SMO-based sensorless control, the design
of SMO under nonideal conditions is reviewed in this section.

A. Machine Parameter Variation

Accurate machine parameters, such as stator resistance and
stator inductance, are required for high-performance SMO-
based sensorless control. The change of machine parameters
brings deviations to the estimated EEMF, thereby reducing the
accuracy of the position estimation. The sensitivity analysis
technique proposed in [71] is used here to investigate the steady-
state parameter sensitivity for EEMF estimation. It is noted
that the sensitivity analysis is carried out at steady state, where
the sensitivity equations for both EEMF model and AF model
are mathematically identical [71]. The sensitivity function of f
with respect to a variable m is defined as the ratio between the
relative variation of the function (df/f) with respect to the relative
parameter variation (dm/m) is

df m
dm f

where |f| denotes the magnitude, and ¢ is the phase. As the rotor
position exists in the phase of the EEMF only, it can be deduced
that the parameter mismatch will result in the position estimation
error only if the sensitivity function is a complex number [72].
First, the sensitivity of the stator resistance is analyzed in the
computation of the EEMF based on the sensitivity function as
shown in (28). The derivation procedure is the same as [72]

S, (x,m) = = Sl (x,m) + j$S%, (w,m)  (27)

GEEMF _ deas Rs _ Rstap _ Rs |Is‘ej0’
R dRs eag Eeg,C

(28)
604/3
where I, is the current magnitude. @' is the angle between the
d-axis and the phase current, which represents the additional
current phase to get a maximum torque-per-ampere control.
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Fig. 7. Parameter sensitivity analysis of EEMF estimation. (a) Stator resis-
tance. (b) g-axis inductance.

The sensitivity (28) results in a complex number. Therefore,
the resistance mismatch reflects in a position estimation error,
since the phase sensitivity is quantified by the imaginary part.

The sensitivity to the dg-axis inductances uncertainty is pre-
sented as

GEEMF _ deas Lg _ Lqwells| j¢'

Lq qu €ap Eey (29)
GEEMF _ deas Ly _ Lg |dig

Lg — dLg4 enp T E.p | dt

It can be seen from (29) that the g-axis inductance sensitivity
function is a complex function, but that of the d-axis inductance
is a real value. Therefore, d-axis inductance mismatch has no
effects on EEMF-based position estimation. The parameter sen-
sitivity analysis results are shown in Fig. 7. PMSM parameters
are referred to [72].

As can be seen from Fig. 7, the stator resistance is essential
in the low-speed range and g-axis inductance can lead to a
dominant position estimation error for the EEMF estimation
under the heavy load. Therefore, both stator resistance and g-axis
inductance need to be identified accurately for EEMF-based
SMO of position estimation, especially in the low-speed and
high torque region.

Additionally, the variation of machine parameters would also
change the convergence condition of the sliding-mode motion.
Assuming that there are mismatches between machine real pa-
rameters and nominal parameters used in the SMO, (3) will be
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mismatches conditions.

updated as
d:f;ﬁ = Aaglap + Z:i - z:i +AAstas (30)
with
_AR, @Ge(ALy—AL4)
Maop = | sualyary —An,
Lam Tan

where AR,, ALy, and AL, are difference between nominal
stator resistance, d-axis inductance, and g-axis inductance used
in SMO and their actual values, respectively; Ly ,, = Lg+ALg is
nominal d-axis inductance. Taking (2) and (30) as the difference,
the error equation of stator currents can be obtained as

diaﬂ ~ €ap — Zap
= Aa « -5
dt pros + 1~
Ldn o ALd d s
—AALBLWE — —— — 103 1
+ 7 Btag T dtz 8 3

Based on the Lyapunov stability theorem, the observer gain

matrix K,z can be derived as
d -
K3 > max <|ea[3| + Adet'la[i> . (32)

When the sliding mode gain satisfies (32), the sliding mode
motion occurs and the estimated current error will converge
to zero but with chattering caused by AL, [73]. Based on the
above analysis, the resistance and g-axis inductance mismatches
will directly reflect in a position estimation error, and d-axis
inductance mismatch will introduce chattering in the estimated
position. The simulation results for conventional SMO designed
in (3) with different parameter variations are shown in Fig. 8§ at
300 r/min and 20 Nm. PMSM parameters are referred to [72].
Consistent with the analysis results, both changes in resistance
and g-axis inductance cause estimation errors, while d-axis
inductance mismatch produces the chattering in the estimation
error. Therefore, stator resistance and dg-axis inductance need
to be identified accurately for EEMF-based SMO of position
estimation.

The offline estimation of stator resistance is not sufficient
because the actual value varies due to stator temperature. Sev-
eral online resistance estimation methods for SMO-based sen-
sorless control are proposed [74], [75], [771, [78], [79], [80],
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[81], [82]. In [1], a first-order SMO with online resistor estima-
tion is proposed. In [74], the MRAS-based resistance estimation
method is proposed to further improve SMO performance. Using
the estimated value of the variable stator resistance, the steady-
state performance of SMO can be further improved. Due to
magnetic saturation, stator inductances vary under different load
conditions. The offline methods, such as finite-element method,
can model the saturation effect fairly well, but the estimated
values are often needed to be validated through experiments.
Therefore, online inductance estimation is more suitable for a
general-propose motor drive. For example, the recursive least
square method is used to identify the inductance parameters on
the discrete-time model under SMO-based sensorless control
[751, [76]. In [77], two adaptive schemes for inductance iden-
tification have been proposed considering magnetic saturation
under sensorless control. The aforementioned methods can only
estimate one machine parameter, by fixing other parameter to its
nominal value to get a full-rank reference model under sensorless
control and ignore the possible existing position error. However,
when the stator resistance and inductances are not simultane-
ously estimated, the estimation of parameters will converge to
the wrong values due to the mismatching of the other parameters
that are fixed in the estimation [78]. To solve the rank-deficient
problem for parameter identification under sensorless control,
current/voltage injection is widely used to estimate multiple
parameters for sensorless control, which can build a full-rank
reference model [79], [80]. However, the signal injection based
method will introduce noise to the drive system and also change
the operation point. Advanced algorithms, such as affine pro-
jection algorithm (APA), are used for online multiparameter
estimation [81], [82]. Under sensorless control, two APAs are
employed to estimate the stator inductances and stator resistance
separately. However, those advanced algorithms usually require
a significant amount of convergence time and tuning the design
parameters is not straightforward. Generally, the simultaneous
identification of stator resistance and dg-axis inductance under
position sensorless control is not much in the literature.

B. Low-Frequency Ratio

Sliding mode requires high-frequency discontinuous action to
steer the states of a system into a sliding surface and to maintain
the subsequent motion on that surface [83]. However, due to the
limited sampling frequency, control inputs are constant across
two sampling periods, making it challenging to execute instan-
taneous actions in the discrete-time drive system. Therefore,
it has been realized that directly applying SMO design in the
continuous-time domain to discrete-time domain will lead to
many problems, such as large chattering amplitude, sample/hold
effects, discretization errors, or even instability [84], [85], [86],
especially for high-speed application, when the frequency ratio
of the pulsewidth modulation (PWM) frequency (fpwn) over
the fundamental frequency (fouT), fratio = fewMm/fouT, is low.
In the SMO, the inherent chattering and phase shift because
of the sign function and LPF can influence EEMF waveforms
and further lead to low estimation performance and accuracy.
Under low-frequency ratio condition, the enlargement of control
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Fig. 9. Estimated EEMF waveforms under different sampling frequency.

(a) 10 000 Hz. (b) 2000 Hz.

delay reduces the equivalent switching frequency of the sign
function, which aggravates chattering of the SMO. Moreover, the
fundamental frequency will be close to the switching frequency
when the frequency ratio decreases, which deteriorates filtering
effect of the LPF. These problems of the SMO-based position
sensorless control under low-frequency ratio can be confirmed
from the simulation results in Fig. 9. The estimated EEMF
waveforms have more harmonics under low-frequency ratio.

In [86], quasi proportional-resonant (QPR) controller is em-
ployed in the SMO to extract the EEMF without the sliding
mode switching function and LPF. Therefore, the chattering can
be reduced under low-frequency ratio. However, as a nonlinear
controller, careful analysis and design are usually required to
ensure the performance of the QPR controller. Furthermore, the
SMO design is still in the continuous-time domain, so the perfor-
mance is only guaranteed when frequency ratio is higher than
15. To further improve the performance under low-frequency
ratio, the discrete-time domain design is suggested. Different
discrete-time SMO (DSMO) design methods have been pro-
posed in recent years. The Euler approximation is commonly
used for DSMO design, since it is simple and easy to implement
[87], [88]. However, the traditional Euler approximation method
may bring unwanted estimation errors and the SMO cannot work
properly under low f,tio condition. As reported in [89], the
Euler-approximation-based SMO gets unstable when f;tio 1S
lower than 17.4. Therefore, Tustin approximation method is used
in [90] for SMO-based sensorless control. The discrete-time
domain SMO design in the stationary 3 coordinate system the
with Euler approximation and Tustin approximation discretiza-
tion are given as follows:

';:aﬁ(k + 1) = AEul%aﬁ(k) + BEul(uozB(k) - éaﬁ(k)) (33)

with

R, T, Tswe(Lg—La)
1—
)/ — Lq La
Bl ™| Towe(lg-la) | _ RT. |’
Ld Ld

.17

Lg
BEul - T:
Lq

;/ozﬁ(k + 1) = ATus%aﬂ(k) + BTus (ua,ﬁ(k) - éaﬁ(k)) (34)
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where T's is the sampling time.

For the convenience of quantitative analysis, the matrix 2-
norm is used to measure the discretization error [91]. Then, the
discretization error of the DSMO for PMSMs can be expressed
as

P — eAasTs

o 35)

(&

where @ is the state transition matrix.

By replacing ® in (35) with A, and A1ys, the discretization
error of DSMO with Euler approximation and Tustin approxi-
mation can be calculated, respectively. In Fig. 10, discretization
error curves as motor operating frequency increases (0—1200 Hz)
for these two methods for DMSO design are compared at two
different sampling frequencies (10 and 20 kHz). PMSM param-
eters are referred to [72]. As shown in Fig. 10, the discretization
errors of Euler and Tustin approximation-based SMO grow with
the increase of operating frequency and discrete step. However,
the errors of Tustin-approximation-based SMO are significantly
smaller than those of the Euler-approximation-based SMO for
the same discrete step and operating frequency.

To further improve the precision, the Exact discretization
method is introduced for DSMO design in [92], [93], and [94],
which could achieve good performance with f;,¢j, down to 5.
The discrete-time domain SMO design in the stationary «f
coordinate system with Exact discretization is given as

';:aﬁ(k + 1) = AExa%aﬁ(k) + BExa(uaﬁ(k) - éaﬂ(k)) (36)
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with
AExa =

¢ ta cos(X)(R2+weLn) —ets sin(X)(R2+weLa)
Rs _RsTs
e Lasin(X)(R24+w.La) € La cos(X)R2+w.La)

BExa = A]::xla (e(AExaTS) - I) ;X = Tswe(l - Lq/Ld)

where I is the identify matrix, defined as diag (1,1,1,1).

The comparison of the pole migration for three different
discretization method under speed changing is shown in Fig. 11,
where wy is the natural angular frequency of the observer and
ws = 27/T; is the sampling frequency. In Fig. 11, the observer
poles move further to the left plane of the real axis with an
increased wq. It can be seen that both Exact discretization and
Tustin approximation keep the system stable while the Euler
discretization is highly oscillatory under high-speed region.
However, compared to the Exact discretization method, Tustin
approximation method cannot hold the constant damping factor
for the whole speed range. The Exact discretization method can
provide an exact discretized equivalent of the continuous-time
plant for which discrete observer can be designed. However,
there are too many trigonometric and exponential operations
that need to be calculated. Therefore, the lookup tables for
trigonometric and exponential operations are usually required
for the real implementation with Exact discretization, which
increases the memory usage.

C. Inverter Nonlinearity

Voltage distortion, produced by voltage-source inverters
(VSI), is caused by nonlinear characteristics of switching de-
vices, such as dead time, turn-ON delay time, and turn-OFF delay
time [95], [96], [97]. Although these times only account for
a small portion of the PWM period, the VSI nonlinearity will
become dominant in low-speed operation, resulting in mismatch
between reference and actual voltage and (6k = 1)th harmonics
in the -8 axis currents. These current harmonics will then
introduce (6k 4+ 1)th harmonics in the estimated EEMF. In
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order to highlight the effect of harmonics, the estimated EEMF
considering VSI nonlinearity can be defined as [97], [98], [99],
[100]

(37)

with

[e fa} _ [61 sin(wet + 0@}

ers e1 cos(wet + 0.;)

{eha} _ |:_66kj:1 sin(£(6k + 1)wet + 96(6ki1))]
€ng eek+1 CoS(E£(6k £ 1)wet + Ocorr1))

where e; and egy11 represent the amplitude of fundamental
and (6k=1)th harmonic contents, respectively; 6 .; and 06 +1)
represent the corresponding initial phase angle. As a result, the
estimated rotor position error is obtained as

€, = — (eéfa + €na) COS 0, — (efp +enp) sinée

= eq sin (Hei — éez) + egg sin (kaet + 06(6k)) (38)

where eg;, represents the amplitude of the equivalent (6k)th
EEMF harmonics and 6, 4) represents the corresponding ini-
tial phase. Based on (38), (6k)th-order EEMF harmonics will
display as additional errors which exist in the phase difference.
As a result, the estimated rotor position will also contain the
(6k)th-order harmonics.

In [101], [102], and [103], VSI nonlinearity compensation
techniques have been widely discussed to remove harmonics in
the estimated rotor position. However, these methods cannot
be applied directly to SMO-based sensorless control due to
the lack of position measurement. Therefore, several methods
have been proposed for reducing the position estimation error
caused by VSI nonlinearity in sensorless control, which can
be classified into two categories: filters-based methods and
feedforward-voltage-compensation-based methods [104]. For
filter-based methods, different kinds of filter have been designed
to reduce the estimated position error by filtering out the harmon-
ics in estimated EEMF waveforms [98], [105], [106]. However,
the performance depends on the accuracy of estimated motor
frequency. Additionally, the mismatch between the reference
voltage and the actual terminal voltage still exists in the drive.
In feedforward-voltage-compensation-based methods, the com-
pensated voltage is estimated based on minimizing the harmon-
ics of the d-axis current or d-axis estimated back EMF [104],
[107], [108], [109], [110]. However, the performance of voltage
compensation methods depends on the accuracy of small-signal
models of inverters. The summary of existing techniques for
SMO design under nonideal conditions can be found in Table II.

V. DISCUSSIONS AND FUTURE RESEARCH TRENDS

This article reviewed the state-of-the-art SMO-based position
sensorless control of PMSMs. Due to its simple implementation
and strong robustness, SMO for sensorless control has drawn
much attention in recent years and opportunities of future work
are still wide open. According to the literature, regardless of
the well-known performance of conventional SMO in practical



11362

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

TABLE II
SUMMARY OF EXISTING TECHNIQUES FOR SMO DESIGN UNDER NONIDEAL CONDITIONS

Non-ideal condition Effect on SMO performance

Existing techniques

Limitations on existing techniques

= Offset and chattering in the

= MRAS [74], RLS[75], [76]

= Rank-deficient

Parameter variation | estimated position

= Current/Voltage injection [79], [80]

= Introduce noise and change the operation point

= Adaptive algorithms (e.g., APA[81], [82])

= Slow convergence and complex design

= Resonant controller [86]

= Performance is sensitive to design parameters

= Offset and chattering in the
estimated position
= Instability with increased speed

Low-frequency ratio

= Discrete-time design (e.g., Tustin
approximation [90], Exact discretization
[92], [93]. [94])

= Computational burden

= Harmonics in the estimated
position

= Advanced filtering [98], [105], [106]

= Performance is sensitive to the accuracy of
estimated motor frequency

I lineari o .
nverter nonlnearity| Limit the low-speed operation

range

= Feedforward voltage compensation
[104], [107], [108], [109], [110]

= Require an accurate model of the inverter

applications, it still exhibits some weaknesses in delivering
the desired performance when it comes to position sensorless
control, especially when system uncertainties and external dis-
turbances exist. The speed range and load capacity of SMO are
also limited at the current stage.

Based on the observability analysis in [111], PMSM will lose
observability of the rotor position as speed approaches zero
and the signal injection technique is required to recover the
observability of the motor. As reported in [112], the model-
based sensorless control methods of PMSMs can only achieve
satisfactory performance in medium- and high-speed regions
(usually above 10% of the rated speed), and their performance
deteriorates in zero- and very-low-speed regions due to the low
SNR caused by harmonics and noise. As a model-based method,
SMO performance also degrades in the low-speed region,
especially at the presence of inverter nonlinearity. It has been
shown in [99] that the position error can fluctuate up to 18°
for conventional SMO with sign function without any inverter
nonlinearity compensation when the rotor speed is 5% of rated
speed and the VSI deadtime is 4 ps. Therefore, SMO is mostly
applied in medium- and high-speed operations. However, the
SMO performance in the very-high-speed region also degrades
due to chattering and the phase delay caused by the LPF. And
when the sampling frequency is limited, the discretization meth-
ods can also show an impact on SMO performance in the high-
speed operation. The load capacity for SMO-based sensorless
control of PMSMs mainly depends on the dg-axis inductance
variation levels of the motor. Based on the parameter analysis,
g-axis inductance variation will introduce a constant offset in
the estimation position error and d-axis inductance variation
will introduce chattering the estimation position. Therefore, the
identification of dg-axis inductance is important to increase the
load capacity for SMO-based sensorless control of PMSMs.

The performances of position and speed estimation in SMO-
based sensorless control is a critical factor in achieving optimal
PMSM control performance and efficiency. As analysis con-
ductedin [113] shows, position errors can introduce fundamental
and second-order harmonic components in the motor output
torque. Additionally, position errors can increase the required
current amplitude and further reduce efficiency [114]. There-
fore, it is essential to investigate high-performance SMO-based
sensorless control strategies to achieve accurate position esti-
mation and control, even in the presence of uncertainties and

disturbances. Toward these two main objectives of improving
the position estimation accuracy and system stability, the po-
tential future work of SMO-based PMSM sensorless control is
discussed considering practical implementation and application
requirements as follows, and it is outlined in Fig. 12.

A. Enhancement to SMO Inherent Limitations

Chattering is a primary factor that has a significant im-
pact on the accuracy of SMO-based position sensorless con-
trol. Various chattering suppression techniques have been pro-
posed to eliminate the chattering phenomenon as discussed in
Section III-A. Although these methods have been validated
through experiments, there are still important factors that should
not be ignored during the design of SMO when adopting these
chattering suppression techniques. First, when replacing the
discontinuous function sgn(x) with a smoother continuous slid-
ing surface in position sensorless control, there may exist the
position estimation deviation. For instance, the deviation in
position estimation caused by the use of sigmoid function has
been analyzed and discussed in [115]. Therefore, it is important
to take effective measures to compensate for the position esti-
mation error caused by the continuous sliding surface. Second,
when higher order SMO or adaptive SMO are adopted in the
position sensorless control, it usually involved multiple designed
parameters. Since the performance of SMO is sensitive to the
setting of these parameters, extra work is required to tune the
observer to achieve the desired performance. But at the same
time, the main advantage of SMO, namely its simple algorithm,
should not be compromised.

The linear sliding surface in the SMO only guarantees the
asymptotic stability of the system in the sliding mode. This
would mean that the system states converge to the origin, but
at an infinite time. Therefore, nonlinear sliding surfaces, such
as terminal sliding surface, have been introduced in the SMO
design in recent years. However, the stability proof of these
observers is conducted in a continuous-time domain. As dis-
cussed in [116], the finite-time convergence behavior observed
in continuous-time TSM is lost with discretization. It is also
shown that discretization would lead to a periodic behavior and
even instability in certain cases. Therefore, during the discrete-
time design of SMO, the stability condition should be carefully
addressed, especially when nonlinear sliding surface is involved.
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Enhancement to SMO
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>
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Different faults
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Fig. 12.  Future outlook for SMO-based PMSM position sensorless control.

B. Improvement to Modeling Accuracy

Under heavy load conditions, where stator currents are high,
dg-axis inductance variations due to magnetic saturation will
bring chattering and offset in the estimated position. Addition-
ally, the resistance mismatch can also lead to a position error in
the low-speed region. However, existing parameter correction
methods mainly consider g-axis inductance and resistance iden-
tification, while d-axis inductance mismatch is usually ignored.
Therefore, in order to achieve high-performance SMO-based
sensorless control, it is necessary to consider multiparameter
identification. Moreover, most of the existing methods consider
the position estimation error as zero during parameter identi-
fication, which is not true. Therefore, the future work needs
to consider the existing position error during the parameter
identification.

Existing work has shown that DSMO design with traditional
Euler approximation will almost lose stability when frequency
ratio is lower than 8 [93]. To extend SMO stability range at
low-frequency ratio conditions, advanced discretization meth-
ods have been used in the SMO design. For example, existing
work has shown that the SMO can operate at a frequency ratio
of 5 with advanced filtering techniques and direct discrete-time
domain design [89]. However, the complex calculation in the
DSMO cannot be ignored. Although the trigonometric and ex-
ponential operations can be performed through lookup tables, it
still takes up storage space. One possible solution is to decouple
the PMSM model during the discrete-time design of SMO. For
example, the PMSM can be divided with Hammerstein model or
Wiener model into two parts: static nonlinearity part and linear
dynamics part. Based on the characteristics of each part, different
discretization methods can be used, instead of directly using

complicated exact discretization for the whole machine model.
Furthermore, most of the existing work directly uses different
discretization methods for DSMO design. However, it should be
noted that the DSMO design cannot be directly converted from
its continuous counterpart through simple equivalence. DSMO
can undergo only quasi-sliding mode motion, i.e., the system
states may approach the sliding surface but are generally inca-
pable of staying on it. Therefore, during the discrete-time design
of SMO, the stability condition should be carefully addressed.

C. Mitigations to Motor Drive Disturbances

Different harmonics exist in the motor drive system and they
can reduce SMO performance to a large extent. For example,
inverter nonlinearity causes sixth-order harmonics in the drive
system, and it is also the main factor limiting the performance
of the SMO in the low-speed region. Although many methods
have been proposed in recent years to compensate for these
harmonics, they rarely consider the compensation performance
in the presence of position errors. For filter-based methods, they
usually require speed information to filter out the specific har-
monic. The performance may be degraded, when the estimated
speed cannot perfectly track the real speed. Therefore, it is
necessary to deal with periodic disturbances without accurate
frequency information. In addition, how to deal with the chat-
tering aggravated by distorted current signals is still an open
topic. It may be possible to design the sliding surface which
considers the specific order of harmonic current errors.

Although SMO has a good robustness to measurement errors
compared to linear observers, its performance under different
levels of current measurement fault still needs to be analyzed and
quantified. There is potential loss of observability when some of
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the current measurements are not available. Some SMO-based
single current sensor strategies have been proposed in recent
years for position sensorless control of PMSM drives [117],
[118]. In these methods, the current reconstruction needs the
involvement of the estimated speed or rotor position information.
Thereafter, the reconstructed current is used for speed and posi-
tion estimation, which would lead to undesired coupling effects.
Hence, rigorous proof of stability on this topic is essential. In
addition, the design of SMO under machine faulty conditions is
still an open topic. For example, when an interturn short-circuit
fault exists, the structure of SMO needs to be redesigned con-
sidering the possible changes in the dimension of the machine
model to avoid the potential loss of stability. This opens the
opportunity for future researchers to explore the combination of
SMO with other fault tolerant control techniques.

VI. CONCLUSION

An extensive review of the state-of-the-art implementation of
SMO for position sensorless control of PMSMs is presented in
this article. Various sliding surface and control law designs have
been investigated and compared. The remarkable advantages as
well as the disadvantages of previous article are summarized.
Additionally, the design of SMO under nonideal conditions is
reviewed. Ideas on possible future work are also discussed,
which emphasize current gaps in this area of research. This
article aims to introduce the technical knowledge of SMO-based
sensorless control from both theoretical and practical implemen-
tation perspectives for its widespread use in the electric motor
drive area.

APPENDIX A
ACTIVE FLUX MODEL FOR PMSMs

The “AF” concept proposed by Boldea et al. [7] turns all
rotor salient-pole ac machines into fictitious rotor nonsalient-
pole machines such that the rotor position and speed estimations
become simpler. For the PMSM, the AF linkage is defined as

{Te = L5N,qriq
Yay = (La — Lq)ia + ¥y

where T is electromagnetic torque; N, is the pole pair; 1 4f in
(39) is defined as “AF” or “extended rotor flux” [8] or “equiv-
alent EMF” [9], which comprises two parts: the conventional
permanent-magnet flux linkage vy and the flux linkage due to the
saliency. Based on the definition, v ,s always lies on the d-axis,
which guarantees the AF model can be successfully applied in
any operation mode.
As per Faraday’s law with the transformation of 1), into o3-
axis, the AF model of the PMSM can be derived as
Ry 0. diag [L, O
Uap = |: 0 Rs:| Tap + W |: Oq Lq:|

d cos(f.)
@ (waf [sin(Qe)]> '
The comparison of EEMF model and AF model in the sta-
tionary frame is summarized in Table III. For a nonsalient

(39)

(40)
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TABLE III
COMPARISON OF EEMF MODEL AND AF MODEL FOR PMSMS IN THE
STATIONARY FRAME [119]

Model terms EEMF model AF model
Rs _a)eLA R ()
Impedance matrix o,L, R |: (; R :|
L, 0 L 0
Inductance matrix
0 I, 0 L
Position related E —sind, i(l// ‘ cos(0,) )
terms “| cosé, dr | sin(6,)

PMSM with L; = L,, the AF model is equal to EEMF model
considering a constant flux. For an interior PMSM, the AF model
has no cross coupling, no dependency on the d-axis inductance
and permanent magnet flux linkage, when compared with the
EEMF model. Hence, the AF model has better robustness against
parameter variation and external load change. However, an
integrator is directly required to calculate the AF components,
from which the rotor position can be extracted. Therefore, some
practical issues, e.g., integrator dc offset and initial condition,
should be carefully handled for an interior PMSM.

The AF model can also be derived in the rotating reference
frame as

[ R —wely]. | dig [L, 0
tdg = [weLq R, ]"WL at |0 L,

)
+ | Tat |,
wewaf

Compared (40) with (41), the AF model in the stationary
frame does not require speed information in the model, so AF
model in the stationary frame is dominantly used in the position
sensorless control of PMSMs.

(41)
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