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Position Sensorless Drive and Online Parameter
Estimation for Surface-Mounted PMSMs Based on

Adaptive Full-State Feedback Control
Yu Yao , Student Member, IEEE, Yunkai Huang , Fei Peng, Member, IEEE, and Jianning Dong , Member, IEEE

Abstract—In this article, a position sensorless drive and on-
line parameter estimation method for surface-mounted permanent
magnet synchronous machines-based on adaptive full-state feed-
back current control is proposed. The position sensorless drive
is established by the detection of the back-electromotive force in
the γδ synchronous reference frame, which is effective at the
medium-speed and high-speed range. Besides, accurate estimation
of the winding resistance, the stator inductance, and the flux linkage
of the PM is achieved independently. Compared with the traditional
recursive-least-square methods, the proposed parameter identifi-
cation method can be easily implemented because of the signif-
icantly reduced execution time. With the help of the parameter
identification, the precise position estimation can be achieved by
the proposed sensorless control method regardless of the param-
eter variation during the operation. The stability of the proposed
method is proved by the Lyapunov-function method. Finally, the
effectiveness of the proposed method is validated by the simulation
and experimental results.

Index Terms—Lyapunov function, parameter estimation,
position sensorless drive, surface-mounted permanent magnet
synchronous machines (PMSM).

I. INTRODUCTION

W ITH its advantages of high efficiency and high power
density, permanent magnet synchronous machines

(PMSMs) are widely used in applications including electric
vehicles, industrial drives, household appliances, and so on.
Among various control strategies for PMSMs, field-oriented
control (FOC) is one of the mainstream methods. Normally,
precise rotor position information is needed for FOC, and is
usually obtained through the encoder or resolver mounted on the
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rotor shaft. However, the rotor position sensor not only inevitably
increases the cost but also reduces system reliability. Therefore,
the position sensorless control of PMSMs draws significant
attention in both industry and academia.

The position estimation methods for PMSMs with continuous
current waveform could be divided into two categories: Salient
effect-based methods and back-electromotive force (EMF)-
based methods. Generally, salient effect based methods [1]–[4]
are applied when the operating velocity is relatively low. When
the velocity is adequately high to obtain the back-EMF, the back-
EMF-based observer is preferred because of the elimination of
high frequency current injection. In this article, the wildly used
surface mounted PMSM is studied, and the operating frequency
is relatively high. Therefore, this article only focuses on the
back-EMF-based methods.

Generally, the back-EMF-based methods rely on the estima-
tion of back-EMF or the stator flux in the stationaryαβ reference
frame or in the estimated rotational γδ coordinate based on
motor models. According to the designed structure, the esti-
mation methods mainly include the sliding-mode methods [5]–
[7], adaptive methods [8]–[11] and, the extended Kalman filter
methods [12], etc. Moreover, these back-EMF-based methods
can be classified into two classes: 1) Methods based on accurate
parameters. 2) Methods considering parameter variation.

In [6], a novel sliding-mode rotor position observer with the
sigmoid function to reduce chattering is proposed. An EMF ob-
server is constructed to extract the back-EMF signal. Bernardes
et al. [7] proposes a position estimation method with the discrete-
time sliding-mode current observer. An adaptive EMF observer
in order to improve the dynamic performance is also proposed.
Piippo et al. [9] develops a speed-adaptive observer augmented
with signal injection technique at low speed. In this way, the
controller is able to operate stably at zero speed. And in [11],
a position sensorless speed-control method based on an adap-
tive synchronous-frequency tracking-mode observer(ATFO) is
proposed. It can estimate back-EMF accurately without being
influenced by the harmonic components. In [10], an adaptive
full-order observer is proposed to accomplish both stability
and good dynamic response. Besides, the robustness against
stator resistance and inductance variation is also investigated.
But the experimental result demonstrates that when |ΔL| is
over 20%, the estimated rotor position will be up to about 6
degree. However, the abovementioned methods are all based
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on the accurate motor parameters. The accuracy of rotor posi-
tion estimation depends on the accuracy of motor parameters
directly.

The variation or inaccuracy of the machine parameters often
occurs in the PMSM drive. The winding resistance and the PM
flux linkage vary as the change of the temperature. Besides,
the stator inductance cannot be accurately measured and is
also variable resulting from the magnetic saturation. Inevitably,
these undesirable parameter variations deteriorate the sensorless
accuracy. So the online parameter identification for a sensorless
PMSM drive system is necessary to achieve the precise position
observation. In the PMSM parameter estimation, the winding
resistance and the stator inductance are regarded as unknown pa-
rameters to be estimated. Besides, due to the necessary position
sensorless drive, the back-EMFs are also unknown. Therefore,
there are more than two unknown parameters in two equa-
tions of the PMSM model and the well-known rank-deficient
problem exists. Moreover, the existing parameter estimation
methods [13]–[19] based on a position sensored system cannot
be effective for a sensorless drive system.

In order to solve this problem, some researchers have
made significant contributions to achieve the online parameter
estimation for a sensorless PMSM driving system. One
effective method to solve the rank-deficient problem is that
several parameters are estimated online while the remaining
electrical parameters are treated as the nominal values. In [20],
multiparameter estimation for the resistance and the flux linkage
using the model reference adaptive system (MRAS) method
is performed while the stator inductance is treated as a known
parameter. So the estimation accuracy is sensitive to the fore-
known inductance. In [21], an online parameter identification
method and sensorless control using identified parameters are
achieved in both surface-mounted PMSM and interior PMSM.
A recursive least-square method which are not affected by the
position estimation error is proposed to estimate the winding
resistance and dq-axis inductance. But the experimental results
demonstrate the ill-convergence performance of the resistance
identification. Besides, the PM flux linkage is regarded as known
and the variation of the flux linkage deteriorates the identification
accuracy. Hamida et al. [22] proposes an adaptive interconnected
observer with the rotor speed, the rotor position, the load torque,
the stator inductance, and the resistance estimated at the same
time. But the flux linkage is also treated as a known parameter.
And the proposed observer is quite complicated with matrix ma-
nipulations. As the experimental results shown, the estimation
error of the rotor position is up to 0.2 rad, which is relatively
large.

Several papers investigate the parameter estimation method
which does not need to assume one or two parameters as known
parameters. Piippo et al. [23] proposes an online method for
the estimation of the stator resistance and the PM flux linkage
for Sensorless PMSM drives. The resistance will be estimated
at low speed while the flux linkage is estimated at medium
and high speed. But the influence of the inductance variation
is also not considered. In [24], a supertwisting algorithm based
on second-order sliding-mode observer (STA-SMO) with online

stator resistance estimation for nonsalient PMSMs is proposed.
The winding resistance can be estimated independently, but
only the variation of the resistance is considered and actually,
in high-speed region, the variation of the inductance is more
important. In [25], a two time-scale affine projection approach
is developed to accurately estimate the stator resistance and
dq-axis inductance for a model-based sensorless control of
interior PMSMs. But the proposed parameter estimation method
needs to update the estimated extended EMF (EEMF) from the
sensorless observer and meanwhile, the identified parameters are
also adopted in the sensorless observer to estimate the EEMF. In
that case, an inner loop between the parameter estimation and the
EEMF observer is established, but the proof of the stability is not
provided. Besides, the experimental results shows the position
error can be reduced to 86%, which indicates the estimation error
of these parameters is still large.

To overcome the rank-deficient and ill-convergence problem
for a sensorless PMSM drive system, this article proposes a posi-
tion sensorless drive and online parameter estimation method for
surface-mounted PMSM (SPMSM) based on adaptive full-state
feedback current control. The position sensorless drive relies on
the detection of the back-EMF in the γδ synchronous reference
frame, which can be effective at the medium and high speed
range. In order to estimate the parameters of the PMSM, a
sinusoidal signal is injected into the γ axis. Accurate estima-
tion of the winding resistance, the stator inductance and the
back-EMF is achieved independently regardless of the position
estimation error. With the estimated parameters updated, the
precise estimation of the back-EMF can be achieved despite the
parameter variation during the operation. From the estimated
back-EMF, both the flux linkage of the PM and the position error
can be calculated directly. Finally, a phase-locked loop (PLL)
is implemented to observe the rotor position according to the
calculated position error. The stability of the proposed method is
given by the Lyapunov-function method. The selection method
of the gains and the injected signal is also provided.

This article is organized as follows. Section II describes the
electrical model of the SPMSM and the model inγδ synchronous
reference frame is used to design the proposed method. Sec-
tion III presents the proposed method and the proof of the
stability. In Section IV, the convergent performance of the
estimated parameters and the estimated back-EMF is analyzed
in details. Section V demonstrates the digital implementation
and the selection of gains. Finally, the simulation and exper-
imental results are provided in Section VI to validate the ef-
fectiveness of the proposed method. Section VII concludes this
article.

II. ELECTRICAL MODEL OF SPMSMS

In this section, the model of the SPMSM is developed in the
stationary αβ reference frame, the synchronous dq reference
frame, and the estimated rotational γδ synchronous reference
frame, respectively.

Neglecting the cross-coupling magnetic saturation, iron loss,
and the nonlinearity of the voltage source inverter (VSI), the
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model of the SPMSM in the αβ coordinate is derived as

uα = Riα + Li̇α + eα

uβ = Riβ + Li̇β + eβ (1)

where R is the winding resistance, L is the stator inductance,
and i, u, e represent the stator current, stator voltage, and the
back-EMF, respectively. Additionally, there is

eα = −ωψm sin θ

eβ = ωψm cos θ (2)

where ω is the electrical angular speed, θ is the electrical rotor
position, and ψm is the rotor flux linkage.

Transforming (1) and (2) into synchronous dq reference
frame, there will be

ud = Rid + Li̇d − ωLiq

uq = Riq + Li̇q + ωLid + ωψm. (3)

Since θ is not available in the position sensorless control method,
the model of the SPMSM is built in the estimated γδ reference
frame and the transformation matrix is

Tdq→γδ =

[
cos θ̃ − sin θ̃

sin θ̃ cos θ̃

]
(4)

where the position error θ̃ = θ − θ̂ and θ̂ is the estimated rotor
position. Based on the transformation matrix, the model of the
SPMSM in the γδ reference frame can be obtained as

uγ = Riγ + Li̇γ − ωLiδ + eγ + L
˙̃
θiδ

uδ = Riδ + Li̇δ + ωLiγ + eδ − L
˙̃
θiγ (5)

with

eγ = −ωψm sin θ̃

eδ = ωψm cos θ̃

ėγ = −eδ ˙̃θ − ωψ̇m sin θ̃

ėδ = eγ
˙̃
θ + ωψ̇m cos θ̃ (6)

Normally, the dynamic response of the ˙̃
θ is relatively slower

compared with the electrical process. Therefore, the L ˙̃
θiδ and

L
˙̃
θiγ are neglected in this article. Finally, the developed model

of the SPMSM in γδ reference frame is simplified as follows:

uγ = Riγ + Li̇γ − ωLiδ + eγ

uδ = Riδ + Li̇δ + ωLiγ + eδ. (7)

III. PROPOSED METHOD

In this section, a position sensorless drive and online param-
eter estimation method for SPMSM based on adaptive full-state
feedback current control is proposed. The proposed method
can accurately estimate the winding resistance, the inductance,
and the back-EMF in γδ synchronous frame. The stability of

the proposed method can be proved by the Lyapunov-function
method.

A. Adaptive Full-State Feedback Current Control

Based on (7) and (6), the proposed adaptive current controller
is designed in the γδ coordinate as

uγc = R̂iγ_ref + L̂i̇γ_ref − ωL̂iδ + êγ + keieiγ

uδc = R̂iδ_ref + L̂i̇δ_ref + ωL̂iγ + êδ + keieiδ (8)

where

eiγ = iγ_ref − iγ

eiδ = iδ_ref − iδ (9)

where kei is a positive gain and the superscriptˆ refers to the
estimated values.

1) Exact Parameter Adopted: When the estimated values (R̂,
L̂, êγ , and êδ) are equivalent to their real values, the dynamic re-
sponse of closed-loop system with the proposed control method
can be derived as

Riγ + Li̇γ = Riγ_ref + Li̇γ_ref + keieiγ

Riδ + Li̇δ = Riδ_ref + Li̇δ_ref + keieiδ (10)

and

ėiγ = −kei +R

L
eiγ(t)

ėiδ = −kei +R

L
eiδ(t). (11)

Therefore, eiγ and eiδ will exponentially asymptotically con-
verge to zero and the rate of the convergence depends on the
selection of kei.

2) Adaptive Parameter Adopted: When the adaptive param-
eters adopted in the controller, the dynamic response of the
closed-loop system with the proposed method can be derived
as

Lėiγ = (R− R̂)iγ_ref −Reiγ + (L− L̂)i̇γ_ref

− ωL̃iδ + eγ − êγ − keiγ

Lėiδ = (R− R̂)iδ_ref −Reiδ + (L− L̂)i̇δ_ref

+ ωL̃iγ + eδ − êδ − keiδ. (12)

For simplified marking, there is

d

dt
eiγ = −kei +R

L
eiγ +

R̃

L
iγ_ref +

L̃

L
i̇γ_ref − ω

L̃

L
iδ +

1

L
ẽγ

d

dt
eiδ = −kei +R

L
eiδ +

R̃

L
iδ_ref +

L̃

L
i̇δ_ref + ω

L̃

L
iγ +

1

L
ẽδ

(13)

where

R̃ = R− R̂ L̃ = L− L̂

ẽγ = eγ − êγ ẽδ = eδ − êδ (14)
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where R̃, L̃, ẽγ , and ẽδ are the estimation errors of R, L, eγ ,
and eδ . The closed-loop system is also stable, but the final value
of eiγ and eiδ with i̇γ_ref and i̇δ_ref treated as zero at the steady
state can be written as

|eγ |→∞ =

∣∣∣∣∣ R̃iγ_ref − ωL̃iδ + ẽγ
kei +R

∣∣∣∣∣
|eδ|→∞ =

∣∣∣∣∣ R̃iδ_ref + ωL̃iγ + ẽδ
kei +R

∣∣∣∣∣ . (15)

Clearly, the static tracking error occurs resulting from the
mismatched parameters. Besides, this tracking error can be
decreased by selecting a large kei, but the closed-loop sys-
tem with a large kei will be more sensitive to the sampling
noises. Therefore, it is significantly necessary to achieve the
online parameters estimation and the small kei can be selected
with good dynamic response and eliminated static tracking
error.

B. Parameter Estimation Mechanism

A Lyapunov function is selected as

V =
1

2
eiγ

2 +
1

2
eiδ

2 +
1

2LkR
R̃2 +

1

2LkL
L̃2

+
1

2Lke
ẽ2γ +

1

2Lke
ẽ2δ (16)

and then based on (13), the derivative of the selected Lyapunov
function can be obtained as

V̇ = − kei +R

L
(eiγ

2 + eiδ
2) +

R̃

L
WR +

L̃

L
WL

+
1

L
ẽγeiγ +

1

L
ẽδeiδ +

1

LkR
R̃ ˙̃R+

1

LkL
L̃ ˙̃L

+
1

Lke
ẽγ ˙̃eγ +

1

Lke
ẽδ ˙̃eδ. (17)

To guarantee the seminegative definite of the derivative of
the selected Lyapunov function, the estimation mechanism is
chosen as follows.

1) Resistance and Inductance Estimation: In the drive of
SPMSM, the winding resistance R varies with the temperature
while the stator inductance L varies with the magnetic satura-
tion. But the variation boundary of these two parameters and
their maximum changing rate always exist. Therefore, it can be
represented as

|R̃| ≤ ξR |Ṙ| ≤ ξṘ

[1mm]|L̃| ≤ ξL |L̇| ≤ ξL̇ (18)

where ξR and ξL denote the variation boundary of R and L. ξṘ
and ξL̇ are the maximum changing rate of the R and L.

Based on (18), the estimation mechanism of R and L is
proposed as

˙̂
R =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
kRWR, R̂ ∈ [R− ξR R+ ξR]

kRWR, R̂ ≤ (R− ξR) and WR ≥ 0

kRWR, R̂ ≥ (R+ ξR) and WR ≤ 0

0, else

˙̂
L =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
kLWL, L̂ ∈ [L− ξL L+ ξL]

kLWL, L̂ ≤ (L− ξL) and WL ≥ 0

kLWL, L̂ ≥ (L+ ξL) and WL ≤ 0

0, else

(19)

with

WR = iγ_refeiγ + iδ_refeiδ

WL = i̇γ_refeiγ + ωiγeiδ + i̇δ_refeiδ − ωiδeiγ (20)

where kR and kL are positive gains.
2) EMF and Flux Linkage Estimation: In order to achieve the

position sensorless drive, the back-EMF is also necessary to be
estimated. Normally, the back-EMF can be easily detected by a
model-based observer, but in this article, a simplified estimation
mechanism is proposed as

˙̂eγ = −êδ ˙̃θ + keeiγ

˙̂eδ = êγ
˙̃
θ + keeiδ (21)

where ke is a positive gain. The estimated position error can be
obtained as

eθ(k) = arctan

(
− êγ(k)
êδ(k)

)
(22)

where eθ(k) is the estimated position error. A PLL can be
implemented to observe the rotor speed and position from the
eθ(k). The more details of the PLL can be found in Section V.
Additionally, the estimation of ψm can be obtained from the
estimated back-EMF êγ and êδ as

ψ̂m =

√
ê2γ + ê2δ

ω
(23)

where the ψ̂m is the estimated flux linkage of the PM.

C. Proof of Stability

The stability of the closed-loop system with the full-state
current controller (8), the resistance and inductance estimator
(19) and the back-EMF observer (21) driven will be proved by
the Lyapunov-function method.

Substituting (19) and (21) into (17), it can be derived as

V̇ = − kei +R

L
(eiγ

2 + eiδ
2) +

1

LkR
R̃Ṙ+

1

LkL
L̃L̇

+
ω

Lke
ψ̇m(−ẽγ sin θ̃ + ẽδ cos θ̃). (24)
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1) Constant Parameters: When the resistance R, the induc-
tance L, and the PM flux linkage ψm are regarded as constant,
there is a representation as

Ṙ ≈ 0

L̇ ≈ 0

ψ̇m ≈ 0. (25)

When the predefined boundaries are appropriately selected, the
estimator of R and L shown in (19) can be simplified as

˙̂
R = kRWR

˙̂
L = kLWL (26)

and therefore, it can be derived as

˙̃R = Ṙ− ˙̂
R = −kRWR

˙̃L = L̇− ˙̂
L = −kLWL. (27)

According to (24) and (27), the derivative of the selected
Lyapunov function can be expressed as

V̇ = −kei +R

L

(
eiγ

2 + eiδ
2
)
. (28)

Therefore, V̇ is seminegative definite, which indicates that eiγ
and eiδ will converge to 0. It is clear that L and R are positive,
therefore,the convergence rate depends on the choice of the
parameter kei.

2) Variable Parameters: For the estimation of the back-EMF
and the variation rate of the flux linkage, there is

|ẽγ | ≤ ξeγ |ẽδ| ≤ ξeδ

|ψ̇m| ≤ ξψ̇m
(29)

where ξeγ and ξeδ are the variation boundary of eγ and eδ . ξψ̇m

denotes the maximum variation rate of ψm.
According to (16), it can be derived as

e2iγ + e2iδ = 2V − R̃2

LkR
− L̃2

LkL
− ẽ2γ
Lke

− ẽ2δ
Lke

(30)

and the derivative of the selected Lyapunov function can be
obtained as

V̇ = − kei +R

L
(2V − P ) +Q (31)

with

P =
R̃2

LkR
+

L̃2

LkL
+

ẽ2γ
Lke

+
ẽ2δ
Lke

≤ ξ2R
LkR

+
ξ2L
LkL

+
ξeγ

2

Lke
+
ξeδ

2

Lke

Q =
R̃Ṙ

LkR
+

L̃L̇

LkL
+

ω

Lke
ψ̇m(−ẽγ sin θ̃ + ẽδ cos θ̃)

≤ R̃ξṘ
LkR

+
L̃ξL̇
LkL

+
ω

Lke
ξψ̇m

(ξeγ + ξeδ ). (32)

Clearly, bothP andQ are bounded. Especially, when V satisfies

V ≥ L

2(kei +R)
Q+

P

2
(33)

the derivative of V becomes negative and the tracking error of
iγ and iδ will decrease. Therefore, the boundary of the tracking
error can be derived as√

e2iγ + e2iδ

≤
√√√√ 1

kei +R

∣∣∣∣∣ R̃ṘkR +
L̃L̇

kL
+
ω

ke
ψ̇m(−ẽγ sin θ̃ + ẽδ cos θ̃)

∣∣∣∣∣
≤

√
1

kei +R

(
ξRξṘ
kR

+
ξLξL̇
kL

+
ω

ke
ξψ̇m

(ξeγ + ξeδ )

)
. (34)

On basis of the equation above, considering the predefined
boundary (ξR, ξL) and the maximum variation rates (ξṘ, ξL̇
and ξψ̇m

), the current tracking error can be decreased by the
selection of kR, kL, ke, and kei. In fact, the R is closely related
to the operating temperature, which varies slowly. The change
performance ofψm is the same as the resistance. For the variation
of L, it will be changed suddenly due to the magnetic saturation
caused by the current, but once the current is on the steady state,
the variation of the L will be small. Therefore, the static current
tracking error can be greatly reduced by the appropriate selection
of kR, kL, ke, and kei.

IV. PARAMETERS CONVERGENCE

The adaptive control method suffers from parameter drifting
resulting from the dissatisfaction of the persistent excitation of
the reference signals [26]. In this section, the parameter con-
vergent performance of the proposed adaptive control method is
analyzed in detail. Additionally, to guarantee the convergence of
the estimated parameters and eliminate the parameter drifting, an
extra signal will be injected into γ axis to improve the parameters
convergence.

A. Persistent Excitation

In the proposed adaptive method, as demonstrated in (28),
when both eiγ and eiδ converge to zero, the V̇ will stay zero.
In that case, the V will stop decreasing and may be nonzero.
It indicates that the globally asymptotic convergence of the eiγ
and eiδ will be guaranteed by the selected Lyapunov-function
method, but R̃, L̃, ẽγ , and ẽδ may not converge to zero. The
same statement can be also applied in the case with the variable
parameters.

After eiγ and eiδ converge to 0, the error dynamic (13) can
be rewritten as

0 = L̃i̇γ_ref + R̃iγ_ref − ωL̃iδ + ẽγ

0 = L̃i̇δ_ref + R̃iδ_ref + ωL̃iγ + ẽδ. (35)

According to [26], when the reference signal satisfies the
persistent excitation, the R̃, L̃, ẽγ , and ẽδ will converge to
zero. However, if the persistent excitation is not satisfied, the
parameter drifting possibly happens because of the existence
of nonparametric uncertainties including measurement noise
and disturbance. In that case, some of the estimated parameters
will drift away from their desired values to some unreasonable
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values. And the system driven by the proposed adaptive method
will be unstable.

The condition of the persistent excitation can be expressed as
follows [26]. There exists positive constants a and ζ such that
for any time t ≥ 0∫ t+ζ

t

v(τ)vT (τ)dτ ≥ aI (36)

with

v =

[
i̇γ_ref − ωiδ iγ_ref 1 0

i̇δ_ref + ωiγ iδ_ref 0 1

]T
. (37)

The persistent excitation of v(t) implies that the vectors v(t)
corresponding to different times t cannot always be linearly
dependent. Clearly, when both iγ_ref and iδ_ref are direct com-
ponent, which is the worst case, the persistent excitation is not
satisfied.

B. Sinusoidal Signal Injection

Dead-zone is a common solution to the parameter drifting.
When the tracking error is inside the selected dead-zone, the
adaptation mechanism will be shut down to avoid the parameter
drifting [26]. However, the estimation error is sensitive to the
selection of the dead-zone. Besides, it is difficult to analyze
the boundary of the estimation errors. Therefore, the dead-zone
method is not suitable for this case.

To solve the dissatisfaction of the persistent excitation, in this
article, the signal injection method is implemented to improve
the richness of the reference signals. The selected signal is
usually a sinusoidal wave and is injected into the γ axis in order
not to affect the torque production of the PMSM. In this way,
the iγ_ref contains one sinusoidal component and the vector v(t)
will always be linearly independent. The persistent excitation of
v(t) is satisfied and all the estimated parameters can converge
to zero.

V. DIGITAL IMPLEMENTATION

In this section, digital implementation of the proposed adap-
tive method using Euler discretization is presented. Then the
selection of the injected signal and the operating procedure of
the proposed method are provided.

A. Discretization of the Proposed Method

In the full-digital implementation, the proposed adaptive con-
trol method can be discretized using the forward-Euler method.
The system diagram with the proposed adaptive control is shown
in Fig. 1.

The derivative of the reference current can be obtained by the
forward-Euler method as

i̇γ_ref ≈ Δiγ_ref(k)

T
=
iγ_ref(k)− iγ_ref(k − 1)

T

i̇δ_ref ≈ Δiδ_ref(k)

T
=
iδ_ref(k)− iδ_ref(k − 1)

T
(38)

with T being the sampling period.

Fig. 1. System diagram with the proposed adaptive algorithm.

The Δθ̂(k)
T is the discrete-time form of the ˙̃

θ, which can be
obtained from the discrete-time PLL. A classical discrete-time
PLL can be designed as

θ̂(k + 1) = θ̂(k) + kθeθ(k) + ω̂(k)T

ω̂(k + 1) = ω̂(k) + kωeθ(k) (39)

where the kθ and kω are positive parameters and the selection

method can be found in [27]. The ˙̃
θ can be also discretized by

forward-Euler method as

˙̃
θ ≈ θ̃(k + 1)− θ̃(k)

T

=
θ(k + 1)− θ̂(k + 1)− (θ(k)− θ̂(k))

T
. (40)

Considering θ(k + 1) = θ(k) + ω(k)T , based on (39), there is

˙̃
θ ≈ ω(k)T − θ̂(k + 1) + θ̂(k)

T
=

−kθeθ(k)
T

(41)

and therefore Δθ̂(k) = −kθeθ(k).

B. Gains and Injected Signal Selection

For the selection of kei, based on (13), it can be derived as

0 ≤ 1− T

L
(kei +R) < 1 (42)

and

−R < kei ≤ L

T
−R. (43)

The larger the kei is chosen, the faster the system converges. But
in fact, the large feedback gain kei will bring more sampling
noising to the system and will weaken the robustness of the
control system. Therefore, the choice of the parameterkei will be
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a tradeoff between the dynamic performance and the robustness
requirements.

The selection of the gains and the injected signal is based on
the following consideration:

1) According to (34), the large gains can decrease the current
tracking error.

2) According to (19) and (21), the large gains can increase the
convergent rate of the estimated parameters, but because
of the inevitable current ripple caused by the pulse width
modulation (PWM) and sampling noise, the large gains
will cause the undesirable and unacceptable fluctuation
of the estimated parameters. Especially, the fluctuation is
also related to the amplitude and frequency of the injected
signal.

3) For the high-speed region, the voltage margin is limited to
the selection of the injected signals. So the selected signal
has to be as small as possible.

Based on these considerations, these gains can be decided as
follows.

1) Selection of kR: Based on (34), in order to reduce the
tracking error caused by the variation of R, kR can be selected
as

kR ≥ 10ξRξṘ. (44)

Additionally, the discretized form of the resistance estimation
can be obtained in Fig. 1 and the increment per sampling period
of the R̂ can be derived as

|ΔR̂(k)| = kRT |iγ_ref(k)eiγ(k) + iδ_ref(k)eiδ(k)| (45)

1) To obtain the fast convergent rate, the |ΔR̂(k)| has to be
adequately large. For the iδ_ref , it is a direct component and
the eiδ(k) is so small that can be neglected on the steady
state. The iγ_ref and eiγ(k) contains the injected sinusoidal
component, so the multiply of these two items consists
of a direct component and a double-injected-frequency
component. Because of the integrator in the estimation of
R, the high frequency component is well filtered. And
the direct component depends on the phase difference
between iγ_ref(k) and eiγ(k). In this article, the phase
difference is selected to be 0.25π and more details can be
found in Appendix. So there is

kR ≥ 2.83|ΔR̂(k)|min

T |iγ_ref(k)||efiγ(k)|
(46)

where the |ΔR̂(k)|min denotes the minimum increment
of R̂ per sampling period, which can be selected by users.
| · | is the amplitude value. efiγ(k) is the injected-frequency
component of eiγ(k) and can be also estimated by users.

2) Considering the fluctuation from kth to (k + 1)th step on
the steady state, the maximum fluctuation of R̂ can be
derived as

|ΔR̂(k)|max = kRT (|iγ_ref |+ |iδ_ref |)ξei (47)

where the ξei denotes the boundary of eiγ(k) and eiδ(k)
on the steady state. By a predefined maximum fluctuation

of R̂ and ξei, the kR has to be satisfied as

kR ≤ |ΔR̂(k)|max

T (|iγ_ref |+ |iδ_ref |)ξei . (48)

Therefore, the amplitude of the injected signal can be adjusted
to make kR satisfy both (44), (46), and (48). But considering the
limited voltage margin of the PWM inverter, there is a tradeoff
between the kR and the amplitude of the injected signal.

2) Selection of kL: The same procedure mentioned above
can be also applied in the selection of kL. There are

kL ≥ 10ξLξL̇ (49)

kL ≥ 2.83|ΔL̂(k)|min

T |i̇γ_ref(k)||efiγ(k)|
(50)

kL ≤ |ΔL̂(k)|max

T (|i̇γ_ref |+ ω|iγ_ref |+ ω|iδ_ref |)ξei
(51)

where the |ΔL̂(k)|min denotes the minimum increment of L̂ per
sampling period and the |ΔL̂(k)|max is the maximum fluctuation
of L̂ from kth to (k + 1)th step on the steady state. Clearly,
because of the existence of the differential term, the amplitude
and the frequency of the injected signal can be adjusted to satisfy
(49)–(51).

3) Selection of ke: Based on (34), in order to reduce the
tracking error, ke can be selected as

ke ≥ 10ωξψ̇m
(ξeγ + ξeδ ). (52)

Besides, when the ω is rapidly increasing or decreasing, the
back-EMF also changes with the ω. The estimation of the back-
EMF is necessary to have excellent dynamic performance to
track this change. Considering the case with the ω ranging from
0 to the rate speed

ke ≥ |Δêδ(k)|min

T |ediδ(k)|
(53)

where the |Δêδ(k)|min denotes the minimum increment of êδ
per sampling period. ediδ(k) is the maximum tracking error of
the iδ in the acceleration process. Additionally, considering the
fluctuation on the steady state

ke ≤ |Δêδ(k)|max

Tξei
(54)

where |Δêδ(k)|max denotes the maximum fluctuation of êδ from
kth to (k + 1)th step on the steady state. Clearly, the selection
of ke is unrelated with the injected signal.

Finally, based on (34) and the selection method of these
gains, the tracking error can be restricted in a small boundary as
follows: √

e2iγ + e2iδ ≤
√

0.3

kei +R
. (55)

C. Operating Mechanism

As the analysis mentioned above, the convergent rate of R̂
depends on the selection of kR and the amplitude of the injected
signal. And the convergent rate of L̂ depends on not only the
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Fig. 2. Experimental setup and flowchart of the proposed method. (a) Exper-
imental setup. (b) Flowchart.

selection of kL and the amplitude of the injected signal but also
the frequency of the injected signal. Considering L varies much
faster than the R and the limited voltage margin, the estimation
ofR and L is separately executed and the operating mechanism
is designed as follows:

1) The estimation of the back-EMF is always executed to
achieve the position sensorless drive.

2) The estimation ofL is executed before the estimation ofR.
This injected signal can be selected as a sinusoidal wave
with small amplitude and high frequency relatively. Small
amplitude is beneficial for the limited voltage margin.
High frequency can accelerate the convergence of L̂.

3) Then the estimation of R is executed. And this injected
signal can be selected as a sinusoidal wave with large
amplitude and low frequency relatively. Large amplitude
can accelerate the convergence of R̂. Low frequency is
beneficial for the limited voltage margin.

4) Once any change occurs in the iδ , the estimation of L is
executed immediately.

VI. VALIDATION AND ANALYSIS

In this section, first, the gains of the proposed method are
calculated and the injected sinusoidal signal is selected. Then
simulation is performed in MATLAB/Simulink to verify the
proposed adaptive control method and some experiments are
also designed. The experimental setup is shown in Fig. 2(a)
and the flowchart of the proposed method is demonstrated in
Fig. 2(b). Because the speed loop is not of concern in this article,
the test SPMSM is driven with torque controlled while the load
machine is driven with speed controlled. Besides, an incremental
encoder is installed on the shaft of the test SPMSM to obtain the
real rotor position.

The parameters of the SPMSM are shown in Table I, which
are consistent with the experimental plant. The resistance is
measured offline and the inductance with different torque current
can be obtained by 3D-finite element method (3D-FEM) tool.
The waveforms of the inductance at iq = 3 A and iq = 5 A are
shown in Fig. 3(a) and (b), respectively.

The microprocessor adopted in the control board is
TMS320F28335 provided by TI and the system clock is
150 MHz. The proposed method is implemented in C code by the
Code Composer Studio software. All the data of the experiments

TABLE I
PARAMETERS OF THE EXPERIMENTAL PLANT

Fig. 3. Waveforms of the inductance at iq = 3 A and iq = 5A. (a) Inductance
at iq = 3A. (b) Inductance at iq = 5A.

TABLE II
PARAMETERS OF THE GAINS CALCULATION

are sent to the host PC by the Ethernet module in the control
board.

A. Gains Calculation and Signal Selection

The parameters used for the gains calculation are shown in
Table II. The maximum torque current is 5 A.

1) For the |efiγ(k)|, when the inductance is being estimated,

both the R̂ and L̂ are inaccurate. But when the resistance
is being estimated, the inductance has already converged.
Additionally, the inductance value has more effects on
the |efiγ(k)| compared with the resistance. In that case,

the |efiγ(k)| during the inductance estimation is relatively
larger than the case during the resistance estimation. So
the |efiγ(k)| is set to be 0.02 and 0.05 A when calculating
kR and kL, respectively.

2) Selection of |ΔR̂(k)|min, |ΔL̂(k)|min, and |Δêδ(k)|min

depends on the desirable convergent rate.
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For the selection of kei, there is

−R < kei ≤ L

T
−R (56)

and

−2.5 < kei ≤ 113.5. (57)

So the kei can be selected to be 32 and even with the variable
parameters, the tracking error can be still restricted within

√
e2iγ + e2iδ ≤

√
0.3

kei +R
= 0.093 (58)

1) Resistance Estimation: According to (44), there is

kR ≥ 10ξRξṘ = 500 (59)

and based on (46) and (48), it can be derived as

kR ≥ 2.83|ΔR̂(k)|min

T |iγ_ref(k)||efiγ(k)|
=

1132

|iγ_ref(k)|

kR ≤ |ΔR̂(k)|max

T (|iγ_ref |+ |iδ_ref |)ξei =
10000

|iγ_ref |+ 5
. (60)

In order to make these two equations hold, there is

|iγ_ref(k)| ≥ 0.64. (61)

Therefore, considering the limited voltage margin, the amplitude
of the injected signal is selected to be 1 A when the resistance
is estimated. Clearly, the frequency of the signal is unrelated to
the selection of kR and it can be selected to be 100 Hz. With the
confirmed |iγ_ref(k)|, the kR has to satisfy as following.

1132 ≤ kR ≤ 3333. (62)

So the kR is selected to be 1800.
2) Inductance Estimation: According to (49), there is

kL ≥ 10ξLξL̇ = 5× 10−4 (63)

and based on (50) and (51), it can be derived as

kL ≥ 2.83|ΔL̂(k)|min

T |i̇γ_ref(k)||efiγ(k)|
=

4.528

|i̇γ_ref(k)|

kL ≤ |ΔL̂(k)|max

T (|i̇γ_ref |+ ω|iγ_ref |+ ω|iδ_ref |)ξei
=

100

(|i̇γ_ref |+ ω|iγ_ref |+ 6280)
. (64)

To satisfy these two equations, there is

Ainj(2πfinj)− 60Ainj − 299 ≥ 0 (65)

where Ainj and finj is the amplitude and the frequency of the
injected signal for the inductance estimation, respectively. With
the Ainj selected to be 0.5 A, the following equation has to be
satisfied.

finj ≥ 104.7. (66)

So the frequency of injected signal for the inductance estimation
is selected to be 400 Hz. For the kL, there is

0.0036 ≤ kL ≤ 0.0122 (67)

and therefore, the kL is selected as 0.005.
3) EMF Estimation: According to (52), there is

ke ≥ 10ωξψ̇m
(ξeγ + ξeδ ) = 7536 (68)

and based on (46) and (48), it can be derived as

ke ≥ |Δêδ(k)|min

T |ediδ(k)|
= 14000

ke ≤ |Δêδ(k)|max

Tξei
= 40000 (69)

therefore, ke is selected to be 25000.

B. Performance on the Steady State

To validate the performance on the steady state, some vali-
dations are performed when the tested motor is driven to 3000
r/min. During the process of the acceleration, the parameter esti-
mation forR andL doesn’t work and the EMF estimation always
works as a model-based observer with the initial parameters
(R = 1Ω and L = 3 mH) adopted.

1) Simulation Results: Fig. 4 shows the simulated perfor-
mance of the proposed method at 3000 r/min. The waveform
of the iγ and iγ_ref are demonstrated in Fig. 4(a)–(c). At 0.1 s,
a sinusoidal signal (0.5 sin(2π400t)) is injected to estimate the
inductance as shown in Fig. 4(b). With the signal injected, the
L̂ has converged to around 6.42 mH (real inductance: 6.48 mH)
within 0.05 s in Fig. 4(d) and this injection will last 0.3 s. At
0.4 s, the other signal (1 sin(2π100t)) is injected to estimate
the resistance as shown in Fig. 4(c). Fig. 4(e) illustrates the
convergent performance of theR and it costs 0.28 s to finish the
estimation of the resistance (R̃ = 0.1Ω). After the estimation of
R and L, the PM flux linkage can be also calculated correctly
in Fig. 4(f). Meanwhile, the performance of the position obser-
vation is demonstrated in Fig. 4(g)–(i). The estimated position
and the real position before the parameter estimation is shown in
Fig. 4(h). Because the mismatched parameters, the estimation
error (0.18 rad) occurs inevitably, But after the convergent of
the inductance, the estimation error of the rotor position is
eliminated as shown in Fig. 4(i). So it can be concluded that
the estimation error of the rotor position is unrelated with the
resistance in this case.

2) Experimental Results: Fig. 5 shows the experimental per-
formance of the proposed method at 3000 r/min. The same
operating process are carried out as the simulation. In Fig. 5(a),
the waveform of the the iγ and iγ_ref are demonstrated. At around
0.12 s, the sinusoidal signal (0.5 sin (2π400t)) is injected to
estimate the inductance as shown in Fig. 5(b). With the signal
injected, the L̂ has converged to around 6.4mH within 0.05 s
in Fig. 5(d) and this injection will last 0.3 s. At around 0.42 s,
the other signal (1 sin(2π100t)) is injected to estimate the resis-
tance as shown in Fig. 5(c). Fig. 5(e) illustrates the convergent
performance of the R and it costs 0.32 s to finish the estimation
of the resistance (R̂ = 2.7Ω). The estimation of the resistance
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Fig. 4. Simulation results: The performance (iγ , R̂, L̂, ψ̂m and θ̃) of the
proposed method with initial values 1 Ω and 3 mH at 3000 r/min. (a) iγ_ref

and iγ . (b) Zoom1. (c) Zoom2. (d) L̂. (e) R̂. (f) ψ̂m. (g) θ̃. (h) θ̂ and θ before
estimation. (i) θ̂ and θ after parameter estimation.

may be affected by the wire resistance and the nonlinearity of
the PWM inverter, but the estimation error is relatively small
to be neglected. After the estimation of R and L, the PM flux
linkage can be also calculated correctly in Fig. 5(f). Meanwhile,
the performance of the position observation is demonstrated
in Fig. 5(g)–(i). The estimated position and the real position
before the parameter estimation is shown in Fig. 5(h). Because
of the mismatched parameters, the estimation error (0.18 rad)
occurs inevitably, but after the convergence of the inductance,
the estimation error of the rotor position is eliminated as shown
in Fig. 5(i), which indicates the inductance is estimated success-
fully. And the fluctuation of the position estimation error will be
less than 0.02 rad.

Fig. 6 shows the performance of the proposed method at
150 r/min. It can be easily observed that the effectiveness of
the proposed method is still guaranteed.

Fig. 5. Experimental results: The performance (iγ , R̂, L̂, ψ̂m and θ̃) of the
proposed method with initial values 1 Ω and 3 mH at 3000 r/min. (a) iγ_ref

and iγ . (b) Zoom1. (c) Zoom2. (d) L̂. (e) R̂. (f) ψ̂m. (g) θ̃. (h) θ̂ and θ before
estimation. (i) θ̂ and θ after parameter estimation.

Fig. 6. Experimental results: The performance of the proposed method at
150 r/min. (a) L̂. (b) R̂. (c) ψ̂m. (d) θ̃.
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Fig. 7. Simulation and Experimental results: The amplitude of the voltage

vector with iδ = 3 A at 3000 r/min (U =
√
u2γc + u2

δc
). (a) Simulation result.

(b) Experiment result.

Fig. 8. Simulation results: The performance of the proposed method with step
response of iδ from 3 A to 5 A at 3000 r/min. (a) iγ_ref and iγ . (b) iδ_ref and

iδ . (c) L̂. (d) R̂. (e) ψ̂m. (f) θ̃.

3) Voltage Margin: Because the extra signal needs to be
injected, the voltage margin is limited to the implementation.

The amplitude of the voltage vector U =
√
u2γc + u2δc is used

to evaluate the extra increased voltage caused by the signal
injection. The simulated and experimental results are shown in
Fig. 7(a) and (b), respectively. These results demonstrate that
only around 7 V extra voltage is increased. For the test SPMSM
with the rated voltage up to 300 V, it is acceptable by the selection
method of the gains and injected signal proposed in this article.

C. Performance on Torque Change

The performance of the proposed method with the torque
changing from 3 to 5 A is also validated when the speed still
stays 3000 r/min.

1) Simulation Results: Fig. 8 demonstrates the simulated
performance of the proposed method with step response of
iδ from 3 to 5 A at 3000 r/min. Before the step response
(at 1 s), the performance is same as the case on the steady
state. At 1 s, in Fig. 8(b), the iδ is stepping from 3 to 5 A with

Fig. 9. Experimental results: The performance of the proposed method with
step response of iδ from 3 A to 5 A at 3000 r/min. (a) iγ_ref and iγ . (b) iδ_ref

and iδ . (c) L̂. (d) R̂. (e) ψ̂m. (f) θ̃.

a good dynamic response. Once any change occurs in the iδ ,
the estimation of L is executed immediately. So the sinusoidal
signal (0.5 sin(2π400t)) is immediately injected to estimate the
inductance again as shown in Fig. 8(a). The estimated inductance
is still around the real value in Fig. 8(c) while the estimation of
the R has a little increase by 0.1Ω. As shown in Fig. 8(e), the
ψ̂m almost stays unchanged. For the position observation, the
estimation error of the rotor position is shown in Fig. 8(f) and it
can be limited within 0.01 rad.

2) Experimental Results: Fig. 9 demonstrates the experi-
mental performance of the proposed method with step response
of iδ from 3 to 5 A at 3000 r/min. At 0.95 s, in Fig. 9(b),
the iδ is stepping from 3 to 5 A. Once any change occurs in
the iδ , the estimation of L is executed immediately. So the
sinusoidal signal (0.5 sin(2π400t)) is immediately injected to
estimate the inductance again as shown in Fig. 9(a). The es-
timated inductance has a decrease by 0.53mH compared with
the estimated inductance values with iδ = 3 A in Fig. 9(c),
which may result from the magnetic saturation. The estimated
resistance has a little decrease by 0.12Ω, which is different from
the simulated performance. This case explains that, with the
increase of the current, the nonlinearity of the PWM inverter
has more effects on the resistance estimation, but the small
decrease can be neglected compared with the nominal value.
The convergence of the estimated flux linkage is demonstrated
in Fig. 9(e). For the position observation, the estimation error of
the rotor position is shown in Fig. 9(f) and it can be limited within
0.02 rad.

Fig. 10 shows the performance of the proposed method with
a step response of the torque when iδ current changes from 3
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Fig. 10. Experimental results: The performance of the proposed method with
step response of iδ from 3 A to 5 A at 150 r/min. (a) L̂. (b) R̂. (c) ψ̂m. (d) θ̃.

Fig. 11. Simulation results: The performance of the proposed method with
the speed accelerating from 1000 to 2500 r/min. (a) iγ_ref and iγ . (b) n̂. (c) L̂.
(d) R̂. (e) ψ̂m. (f) θ̃.

to 5 A at 150 r/min. It keeps consistent with the performance at
3000 r/min.

D. Performance of Speed Change

The performance of the proposed method with the speed
changing from 1000 to 2500 r/min is also validated when the
torque current stays 3 A.

1) Simulation Results: Fig. 11 demonstrates the simulated
performance of the proposed method with the speed accelerating
from 1000 to 2500 r/min. The estimated speed and the real speed
are shown in Fig. 11(b). In Fig. 11(c)–(e), the accurate estimation
is still established for the inductance, the resistance, and the flux
linkage of the PM, respectively. The estimation error of the rotor

Fig. 12. Experimental results: The performance of the proposed method with
the speed accelerating from 1000 to 2500 r/min. (a) iγ_ref and iγ . (b) n̂. (c) L̂.
(d) R̂. (e) ψ̂m. (f) θ̃.

Fig. 13. Experimental results: The transient performance of the proposed
method from 150 to 1500 r/min with the estimated parameter at 150 r/min.
(a) n̂. (b) θ̃.

position is shown in Fig. 11(f). During the accelerating process,
after the inductance estimation, the maximum θ̃ is still less than
0.02 rad.

2) Experimental Results: Fig. 12 demonstrates the experi-
mental performance of the proposed method with the speed
accelerating from 1000 to 2500 r/min. The estimated speed is
shown in Fig. 12(b). Fig. 12(c)–(e) illustrate the estimation per-
formance for the inductance, the resistance and the flux linkage
of the PM, respectively, which is same as the performance at
3000 r/min. The estimation error of the rotor position is shown in
Fig. 12(f). During the accelerating process, after the inductance
estimation, the maximum θ̃ is still less than 0.03 rad.

Fig. 13 shows the transient performance of the proposed
method from 150 to 1500 r/min. The adopted parameters are
estimated on the steady state at 150 r/min. It can be easily ob-
served that the estimation error of the position keeps small during
the acceleration, which indicates the estimated parameters are
still accurate.

Fig. 14 shows the performance of the proposed method with
the speed loop from 0 to 3000 r/min. The load machine is
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Fig. 14. Experimental results: The performance of the proposed method with
the speed loop from 0 to 3000 r/min. (a) nref and n̂. (b) iδ_ref and iδ . (c) L̂.
(d) R̂. (e) ψ̂m. (f) θ̃.

Fig. 15. Experimental results: Resistance estimation with temperature varia-
tion from 25 °C to 80 °C.

controlled by the given torque. The reference of the speed is a
ramp signal, which can reach to 3000 r/min within 0.5 s as shown
in Fig. 14(a). With the proposed adaptive controller, iδ_ref can
be well tracked by the iδ . At the same time, theR,L, andψm are
well estimated. Besides, the estimation error of the rotor position
can be controlled within 0.02 rad even during the acceleration.

E. Resistance with Temperature Variation

Fig. 15 shows the resistance estimation with temperature vari-
ation from 25 °C to 80 °C, of which the blue line represents the
estimated resistance and the black line represents the theoretical
resistance. The theoretical resistance is calculated based on the
temperature as Rt = R25 ◦C(1 + 0.0039(t− 25 ◦C)). Where, t
is the instant temperature and R25 ◦C = 2.5Ω. The estimation
of the resistance may be affected by the wire resistance and
the nonlinearity of the PWM inverter. Besides, the measured
temperature is the temperature of the surface of the tested
motor, which is a little smaller than the temperature of the

stator winding. But the estimation error is still relatively small.
Moreover, the gradually increasing trend and the increment
with the temperature variation is well tracked by the proposed
method.

Based on the analysis of the simulation and experimental
results, the effectiveness of the proposed method is guaranteed
when the test motor is on the steady state, torque change, and
speed change.

F. Comparison of the Execution Time

The execution time of the parameter estimation is compared
between the proposed method and the existing method [25]. The
execution time is obtained by a timer in parallel. The detail of
the algorithm in [25] will not be provided in this article. The
result of this comparison is demonstrated as follows.

It can be easily observed that the execution time of the
proposed parameter estimation and the position sensorless drive
have been significantly reduced compared with the method
in [25]. The execution time of the whole method is ap-
proximately 1.496μs, which is beneficial for the industrial
application.

VII. CONCLUSION

This article proposes a position sensorless drive and online pa-
rameter estimation method for SPMSM based on adaptive full-
state feedback current control. The proposed adaptive method
has several advantages.

1) The current control with adaptive full-state feedback for
position sensorless drive is designed to achieve fast track-
ing performance with enhanced robustness.

2) Online parameter estimation for R, L, and ψm are
achieved for a sensorless SPMSM drive system.

3) The performance of position estimation is greatly im-
proved and is totally immune to parameter variations.

4) The stability is well guaranteed by the selected Lyapunov
function compared with [25].

5) The execution time of the proposed method is much re-
duced because the matrix manipulations are avoided com-
pared with the existing methods [22], [25]. Additionally,
the proposed method includes the current regulator, sen-
sorless drive, and parameter estimation, which indicates
all the crucial control parts for a sensorless PMSM drive
system are investigated in this article. Therefore, with the
reduced execution time and the comprehensive control, it
is easy to be implemented in the industrial applications.

APPENDIX

For the estimation of R, the phase difference between
iγ_ref(k) and eiγ(k) can be selected as follows.
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According to the design of the proposed method, the esti-
mation of L is given priority. It indicates that when the R is
identified, the L̃ has converged to zero. So the dynamic response
of the eiγ can be simplified as

ėiγ = −kei +R

L
eiγ +

R̃

L
iγ_ref +

1

L
ẽγ (70)

based on (6) and (21), it can be obtained as

˙̃eγ = −ẽδ ˙̃θ − ωψ̇m sin θ̃ − keeiγ . (71)

Considering the ˙̃
θ and θ̃ vary slowly, it can be simplified as

˙̃eγ = −keeiγ . (72)

Therefore, it can be derived as

ëiγ = −kei +R

L
ėiγ +

R̃

L
i̇γ_ref +

1

L
˙̃eγ

= −kei +R

L
ėiγ +

R̃

L
i̇γ_ref − 1

L
keeiγ (73)

and

eiγ(s) =
R̃s

Ls2 + (kei +R)s+ ke
iγ_ref(s). (74)

The phase difference between iγ_ref(k) and eiγ(k) can be
easily calculated and it is totally unrelated with the R̃. Assuming
that L ranges from 5 to 10 mH, R varies from 1 to 5 Ω,
kei = 32, and ke = 25 000, the phase difference is calculated
by the MATLAB tool and it ranges from 0.2333 to 0.2658π.
For averaging this variation, the phase difference is selected to
be 0.25π.
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