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An Enhanced Linear Active Disturbance Rejection
Rotor Position Sensorless Control for Permanent
Magnet Synchronous Motors

Lizhi Qu'Y, Student Member, IEEE, Wei Qiao

Abstract—An enhanced linear active disturbance rejection con-
troller (ELADRC) based rotor position sensorless field-oriented
control scheme for the permanent magnet synchronous motor
(PMSM) drivers is proposed in this article. The ELADRC consists
of two linear extended state observers (LESOs) and a proportional
current controller. One LESO is designed to estimate the back elec-
tromotive force (EMF), which is treated as the external disturbance.
Then, the rotor position and speed are obtained from the estimated
back EMF without any phase delay or chattering problem. The
other LESO is designed to estimate the internal disturbances, such
as the parameter and current regulation quality variations. The
estimated total disturbance is used as a feedforward compensation
term in the current control loop to improve the current regulation
quality of the plant, which further improves the rotor position
estimation performance. The plant combined with the two LESOs
is equivalent to an integrator with a unity gain, which is controlled
by a simple proportional current controller to generate the desired
voltage vector for the pulsewidth modulation operation. Finally, the
stability of the closed-loop PMSM drive system with the ELADRC-
based scheme is analyzed. Based on the analysis, the parameters of
the ELADRC are designed. The proposed scheme is validated by
the experimental results for a 275-W salient-pole PMSM drive in
which the PMSM is similar to the traction motor used in Toyota
Prius hybrid electric vehicles at a reduced scale.

Index Terms—Field-oriented control (FOC), linear extended
state observer (LESO), linear active disturbance rejection control
(LADRC), permanent magnet synchronous motor (PMSM), rotor
position estimation, sensorless control.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have
been widely employed in industrial applications due to
their high reliability, high efficiency, and high power density [1],
[2]. The field-oriented control (FOC) control systems of PMSM
drives commonly use rotor position sensors, such as hall-effect
sensors, optical encoders, or resolvers for a closed-loop current
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regulation. To reduce the cost and improve the reliability of the
PMSM drive systems, rotor position sensorless FOC has been
widely researched over the past few decades [3]-[15].

There are two major categories of rotor position sensor-
less FOC methods for the salient-pole PMSMs. One is based
on the back electromotive force (EMF) estimation [3]-[8]
and the other is based on the high-frequency (HF) signal
injection [9]-[11]. For the standstill and low-speed operations,
an HF signal injection-based method is commonly used to ob-
serve the rotor position by utilizing the saliency of a salient-pole
PMSM since the value of the back EMF is too small to be
estimated accurately. For medium- and high-speed operations, a
back EMF estimation based method is mainly adopted to obtain
the rotor position by observing the back EMF. The HF signal
injection-based method is not suitable in this case due to the
limited control bandwidth. To achieve a rotor position sensorless
FOC for the entire speed operating range, a combination of the
two methods is needed.

For some specific applications, e.g., the traction motors of
the hybrid electric vehicles, the performance of the observer
in medium- and high-speed operations is more important. In
such an application, the sliding-mode observer (SMO) is a
promising solution. In several previous works [3]-[8], the SMO
has been applied to the sensorless PMSM drives due to its
simple algorithm and high robustness to the system structure
and parameter variations. The defects of the conventional SMO
are the chattering and phase delay problems, which have been
partially solved by using the improved SMOs with sigmoid
functions and a separate back EMF observer [12], [13]. To solve
the problems completely, disturbance observers [14], [15] were
proposed based on the back EMF model in the stationary ref-
erence frame or a rotating reference frame. By selecting proper
observer gains, the stability of the disturbance observers can be
guaranteed. However, it is usually not easy to design the gains
of the disturbance observers due to some factors. First, the vari-
ations of the machine parameters used in the observers affect the
accuracy of the position estimation, especially when both the d-
and g-axis inductances have cross saturations. Moreover, since
the measured currents are the inputs of the position observers,
the current regulation quality and the position estimation will
affect each other in the closed-loop sensorless FOC.

Recently, a new method called the active disturbance rejection
control (ADRC) [16], [17] has attracted considerable attention
due to its intrinsic ability of disturbance rejection and simple
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design process without the need for an accurate system model.
The ADRC has been applied in motor drives [18], [19]. In
[18], a robust control scheme using three first-order ADRCs
was presented for the speed control of induction motor drives
without the need for a rotor flux estimation, which reduced
the computing cost. In [19], a hybrid sensorless FOC scheme
combining an ADRC-based HF current injection method with
another ADRC-based back EMF method for the rotor position
estimations in low- and high-speed regions, respectively, for
PMSMs was presented. Although the hybrid scheme is better
than the conventional SMO-based sensorless FOC scheme in
the steady-state conditions, the rotor position estimation perfor-
mance may be unsatisfactory in transient conditions, and current
regulation quality was not considered in [19]. Moreover, the
parameter turning of the ADRCs was complex.

This article proposes a novel enhanced linear ADRC
(ELADRC) based rotor position sensorless FOC scheme for
PMSM drives in an estimated synchronously rotating reference
frame. The ELADRC consists of two linear extended state
observers (LESOs) and a proportional current controller. One
LESO is designed to estimate the back EMF, which is treated
as an external disturbance, without using any low-pass filter
or switching function. Then, the rotor position and speed are
obtained from the estimated back EMF by using a tracking con-
troller consisting of back EMF normalization and a phase-locked
loop (PLL) without any phase delay or chatting problem. The
other LESO is designed to estimate the internal disturbances,
such as the parameter and current regulation quality variations
of the PMSM drive to improve the current regulation, which
further increases the rotor position estimation accuracy. The
estimated total disturbance is used to compensate the output
of the current controller to generate the input to the plant. In this
way, the plant combined with the two LESOs is equivalent to
an integrator, which can be controlled by a simple proportional
current controller to generate the desired voltage vector for the
pulsewidth modulation control of the PMSM inverter. The sta-
bility of the closed-loop PMSM drive system with the proposed
ELADRC-based sensorless FOC scheme is analyzed. Based on
the analysis, the parameters of the ELADRC are designed. The
effectiveness of the ELADRC-based sensorless FOC scheme is
evaluated by a 275-W salient-pole PMSM drive in which the
PMSM is similar to the traction motor used in Toyota Prius
hybrid electric vehicles at a reduced scale.

II. PROPOSED LINEAR ACTIVE DISTURBANCE REJECTION
CONTROL (LADRC) BASED SENSORLESS FOC SCHEME
WITHOUT CONSIDERING PMSM PARAMETER VARIATIONS

A. LADRC-Based Rotor Position Estimation Algorithm

A back EMF based model for a salient-pole PMSM can
be expressed in the synchronously rotating dg reference frame
according to Morimoto et al. [15] as follows:

Usd 1sd 0
= . 1
) =) o

where v.qand vs, are the d- and g-axis stator voltages, re-
spectively; isq and ¢4, are the d- and g-axis stator currents,

Ry +pLg
Wre * Lg

—Wye + Ly
Rs + pLd
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Fig. 1. Estimated 9 reference frame and the dg reference frame.

respectively; R, is the stator armature resistance; Lq and L,
are the d- and g-axis stator inductances, respectively; w,. is the
rotor electrical angular speed; p = d/dt is the time derivative
operator; and 7 is the magnitude of the back EMF, which is
expressed as

n= (Ld - Lq) : (Wre : Z‘sd _pisq) + Wre * wm (2)

where 1), is the rotor magnetic flux linkage.

However, in a sensorless FOC drive system, such a dg model
cannot be utilized since the rotor position 6,.. is not measured.
To solve this problem, an estimated synchronously rotating ¢
reference frame instead of the actual synchronously rotating dg
reference frame is used, as shown in Fig. 1. Then, a position
estimation error A6, is defined as

Aere = ére - ere (3)

where 6, is the rotor position estimated in the vJ reference
frame.

By transforming (1) into the v reference frame, the back
EMEF based PMSM model can be expressed as

v 1 e
o] = | @
Uss 158 €s5
where v4, and v are the y- and J-axis stator voltages, re-
spectively; i,y and .5 are the - and J-axis stator currents,
respectively; w,.. is the estimated rotor electrical angular speed;

and e, and e,s are the - and J-axis back EMF components,
which can be expressed as

esfy o 7SiHA97‘e R B . 77157
LSJ N 77[ COSAHTJ + (@re —wre) - Lg [ Z.SJ )

Rs + pLd
Wre - Ly

e Ly
Rs + PLd

According to (5), if Wre & wype, A, can be calculated
as Ab,. = —tan (e, / €55). Let fey = —€5y /Lg and fos =
—egs /Lg be the v- and d-axis unknown external disturbances,
respectively, which contain the information of the v- and J-axis
back EMF components, respectively, and the rotor position
estimation error. Then, the current model of the PMSM can be
written as

{plswzvsv/Ld"‘fw'f'fen, )

piS(S == Us&/Ld + f(S + f65
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Fig. 2. Block diagram of the plant controlled by the LADRC scheme.

Back-EMF
Normalization

Fig. 3. Block diagram of the tracking controller for rotor position
and speed estimation.

where f, = Wre - Ly - 955/La — Rs - isy/Lq and f5s = =0y -
Ly -isy/La— R -is5/Lq, which represent the - and J-axis
known model information, respectively.

Then, a LESO-based external disturbance observer LESO1
can be designed as follows and is illustrated in Fig. 2:

%exzvsm Lg+ z+ Ae *Lr cEx
{p‘ [Lat Lot Je ! , x=~andd (7)

pfel = —Ly2e,

where Em is the estimated -y/§-axis stator current; €, = isx — lsg
is the ~/d-axis current estimation error; few is the estimated
~/6-axis unknown external disturbance; and L, and L,o are
the gains of the LESOI. Then, a simple tracking controller
[20], [21] can be implemented to estimate the rotor position
and speed by simply using a PLL to regulate the normalized
value of the estimated y-axis unknown external disturbance fe7 ,
which contains the rotor position error information, to be zero,
as shown in Fig. 3. The back EMF normalization guarantees
a constant linear dynamic response of the tracking controller
regardless of the operating fundamental frequency.

Compared with the conventional SMO-based rotor position
estimation, there are two improvements in the proposed scheme.
First, by applying the estimated synchronously rotating ref-
erence frame instead of the stationary reference frame in the
SMO-based method, the back EMF is transformed into the dc
components, which removes the need for the low-pass filter
in the SMO-based method and, therefore, eliminates the phase
delay in the estimated rotor position. Second, due to the use of
a continuous integrator 1/s in the LESOI to estimate the back
EMF components, the chattering problem caused by the discrete
sliding-mode function in the SMO is eliminated.
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B. Design of the LADRC-Based Current Controller

According to the ADRC theory [16], the estimated external
disturbance can be used as a feedforward compensation term
for the input of the plant. Therefore, the final control law of the
plant is designed as follows:

Vs = Vsz0 = La (fo + o, ®)

where v, is the plant input generated by the initial control law.
Substituting (8) into (6) yields

pisz:UszO/Ld_(fz—"fem)"i_fx"i_fem %UszO/Lw )

Then, the plant combined with the LESO1, as shown in Fig. 2,
is equivalent to an integrator 1/s in the Laplace domain. Then,
a simple proportional current controller, as expressed by (10),
can be designed to generate the voltage output v, which
is compensated by the disturbance estimated by the LESOI,
as expressed by (8), to generate the voltage output v, of the
LADRC-based current controller

(10)

Vsz0 = kpw . (iswr - Zsz)

where £, is the proportional gain and can be selected as the
desired bandwidth of the current loop, which is determined as a
tradeoff between the steady-state and transient performance.

III. PROPOSED ELADRC-BASED SENSORLESS FOC SCHEME
CONSIDERING PMSM PARAMETER VARIATIONS

A. ELADRC-Based Rotor Position Estimation Algorithm

Since the LESO1 is designed based on the current model, the
current regulation quality will also affect the accuracy of the
position estimation. According to (7), machine parameters are
still needed in the design of the LESO-based sensorless FOC
scheme; and the variations of the machine parameters in the
LESO1 will affect the current regulation quality, especially when
both the d- and g-axis inductances have cross saturations.

The current model of the salient-pole PMSM considering the
parameter variations is expressed as

pisv = Us’y/LdO + f"/ + fen, + fid,Y
Piss = Vss/Lao + fs + fe; + fids

where fidw and f;4, represent the y- and §-axis unknown internal
disturbances and are defined as follows:

(1)

AR@ . AL(] . (Z)re .
A = — 2 gy — P—— g —— AL, -
fia, Lo teoy TP Lo by ¥ Lao ¢ a0
(ALg— ALy) o o Awm]
— | (P dss + Gre - Bsy) + ———
BBl (st + 2220
(—sinAb,..)
AR, . ALy . Wre .
ids — — lsy — P/ " lsg — —AL,; - s
Fias Lo a0 b Lao a0 Lgo  * ey
ALy — AL, Ore + A\
_ {( d 1)(—p'isé + Qpe - Hay) + Wre ¢m]
Lao Lo
(cosAb,.)
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Fig. 4.

Block diagram of the plant controlled by the ELADRC scheme.

where ARS = RS — RSO; ALd = Ld — LdO; ALq = Lq —
LqO; Aq/}'m = 1/}771 - Tﬂmo; Rs’ Ld, Lq’ and wm are the actual
parameter values; and Ry, Lgo, Lgo, and 9,0 denote the
nominal parameter values. Thus, the internal disturbances fid7
and f;4, contain the information of parameter variations as well
as the steady-state (e.g., ¢y and i,5) and transient (e.g., Piss)
current regulation quality.

Then, another LESO cascaded with the LESOI1, called
LESO2, is designed as follows to estimate the - and J-axis
unknown internal disturbances:

{ p%smw = Usm/LdO +.f.1: +fem +fidm —Ly3ema

. , z=<and ¢
pfidw = _Lw4€mw

(12)
where EWT is the estimated ~/d-axis stator current component;
Emae = %Smx — 14z 1S the «y/d-axis current estimation error; fidw
represents the estimated ~y/d-axis unknown internal disturbance;
and L3 and L4 are the gains of the LESO2.

B. Design of the ELADRC-Based Current Controller

The estimated internal disturbance is added to the external
disturbance to form the total disturbance, which is then used as
a feedforward compensation term for the input of the plant. The
final control law of the plant is designed as follows:

Vse = Vsz0 — Lao (fz + fAem + fzd,) .
Substituting (13) into (11) yields

Disy = USIO/LdO - (fa: +fez +fzdz) +fa: +.]Eez +fidz
(14)

13)

~ Ust/LdO .

The plant combined with the two LESOs, as shown in Fig. 4,
is equivalent to an integrator 1/s. Then, the proportional cur-
rent controller, as expressed by (10), is used to generate the
voltage output vs,o, wWhich is compensated by the estimated
total disturbance, as expressed by (13), to generate the voltage
output v, of the ELADRC-based current controller to control
the plant. By compensating the plant input with the estimated
unknown internal disturbance fidl, both the steady-state and
transient current regulation quality of the ELADRC scheme are
improved compared to that of the LADRC scheme, which further
improves the rotor position estimation accuracy. Fig. 5 shows the
block diagram of the overall ELADRC-based position sensorless
FOC scheme for a PMSM drive, where the PMSM, inverter,
space-vector pulsewidth modulation (SVPWM), and coordinate
transformation blocks form the plant in Figs. 3 and 4.
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Fig. 5. Block diagram of the ELADRC-based sensorless FOC scheme for a
PMSM drive.

IV. PARAMETER DESIGN AND PERFORMANCE ANALYSIS FOR
THE ELADRC

A. Stability Analysis and Parameter Design for the ELADRC

First of all, the stability of the LESO1 is investigated. Let
e = [isw — lsa, fem — fe. ] be the tracking error of the LESOI.
According to (6) and (7), the error state equation can be
derived as

é = Ape (15)

—L; 1
—L,20
ues of A,,, determine the behavior of the LESOL1. If and only if
Lo > 0, the error dynamics (15) is asymptotically stable.

The parameters of the LESO1 can simply be designed accord-
ing to the desired bandwidth of the LESO1 [22]. Specifically,
in this work, the parameters of the LESO1 are designed such
that the matrix A,,, has a double eigenvalue A that is equal to the
bandwidth of the LESO1. Thus, the following equation should
be satisfied:

where A,, = } . Equation (15) shows that the eigenval-

|)\.E*Am‘ = ’k+L21 _1‘

Lo A
(16)

where wq is viewed as the bandwidth of the LESO1, which
should be large enough to ensure that the dynamic of the LESO1
is sufficiently fast to track the variation of the disturbance.
Once wy is chosen, the LESO1 parameters can be determined,
according to (16), to be L, = 2w and Lo = wd.

The stability analysis and parameter design for the LESO2
are the same as those for the LESO1. The current controller

parameter k,, is usually chosen to be 1/5-1/3 of wq [22].

=224 Loth + Lyo = (A + wp)?

B. Tracking Performance Analysis for the ELADRC

A timely and accurate estimation of the external disturbance
is essential to ensure the tracking performance of the ELADRC.
According to (6) and (7), the relationship between the estimated
value feL and the actual value f. of the external disturbance in
the frequency domain can be deduced as follows:

Fem(S)
Fe,(s)

L??Q
= : . 17
32 + Lwls + Lz? ( )
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Fig. 7. Block diagram of the experimental system.

Then, the transfer function between the external disturbance
estimation error and the actual external disturbance is

Fo(s) = Fu(s)  s(s+Lu)
FeI(S) - 52+L$1S+L$2 o

s(s + 2wp)
$2 4 2wps + wi’
(18)
Under a ramp-change excitation, i.e., the actual external dis-
turbance, with a slope of 75, the time-domain response of the
external disturbance estimation error is obtained, according to
(18), and plotted in Fig. 6 for different bandwidths wg changing
from 50 to 250 rad/s with an increment of 20 rad/s. The results
show that the bandwidth of the LESO1 has a significant impact
on the disturbance estimation accuracy. When the bandwidth is
higher, the disturbance estimation error becomes smaller and the
tracking speed becomes faster. The tracking performance of the
LESO2 can be analyzed in the same way.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

Experimental studies are carried out for a 275-W salient-pole
PMSM drive to evaluate the proposed ELADRC-based rotor
position sensorless FOC scheme in comparison with the con-
ventional [24] and adaptive [4] SMO-based sensorless FOC
schemes and the LADRC-based sensorless FOC scheme. The
PMSM is similar to the traction motor used in Toyota Prius but
has areduced scale. The block diagram and the hardware setup of
the experimental system are shown in Figs. 7 and 8, respectively.
The parameters of the PMSM and experimental system are listed
in Table I. The FOC schemes are implemented in a dSPACE
1104 real-time control system. The same PI controller with
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Fig. 8.  Hardware setup of the experimental system.
TABLE I
PARAMETERS OF THE PMSM AND EXPERIMENTAL SYSTEM
Parameter Value Parameter Value
Rated Speed 1500 rpm | Stator Resistance | 0.268 Q
Rated Power 275 W d-axis Inductance | 1.12 mH
PMSM |Rated Load Torque | 1.8 N'm | g-axis Inductance | 1.51 mH
Moment of Inertia | 7e-6 kg'm® Flux Linkage | 0.0191 Vs
Voltage Constant | 13.5 V/rpm | # of Pole Pairs 2
Inverter| DC-Bus Voltage | 41.75V Switching 10 kHz
Frequency
Control . . .
System Dead time 1us Sampling Period 100 ps
~%
‘.E —_
Z
3
g m
S
[SCN
S
0 0.10 020 030 040 0350  0.60
Time (s)
Fig. 9. Load torque for evaluating the four sensorless FOC schemes.

a bandwidth of 28.5 Hz is used for the speed loops of the
four different sensorless FOC schemes. In the conventional and
adaptive SMO-based sensorless FOC schemes, the bandwidth
of the PI controllers used in the current loop is chosen to be
2000 Hz according to Astrom and Hagglund [23]. Moreover, the
parameters of the LADRC- and ELADRC-based sensorless FOC
schemes are the same: the bandwidth of the LESO1 and LESO2
is chosen to be 2000 Hz as a tradeoff between the current tracking
performance and immunity to noise, and the proportional gain
K, of the current controller is set as 500.

B. Sudden Load Torque Changes at a Constant Speed Without
PMSM Parameter Mismatch

The rotor position and speed estimation performance of the
four sensorless FOC schemes is compared for the salient-pole
PMSM operating at 1500 r/min, where the load torque is changed
from 0.9 to 1.8 N-m and then back to 0.9 N-m with a slope of
75 N-m/s, as shown in Fig. 9. The corresponding rotor positions,
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Fig. 10. Test results under sudden load torque changes: (a) conventional SMO-, (b) adaptive SMO-, (c) LADRC-, and (d) ELADRC-based sensorless FOC
schemes.

)

TABLE II

PERFORMANCE COMPARISON OF THE FOUR SENSORLESS FOC SCHEMES 22-265 Ly
UNDER CONSTANT SPEED WITH SUDDEN LOAD TORQUE CHANGES - Y T
13} L.g0 A Ld
E 1.68 \ A
Before/After Sudden Load Torque Change 2 1.51 L
Performance Metric Conventional | Adaptive E 1.12 e
LADRC [ELADRC -1
SMO SMO 0 002 0.04 (0).06 0.08  0.10
i iti ime (s
Amphtuc.le of rotor position $2/16 4.5/8 46 253
estimation error (degree)
Amplitude of rotor speed 8/15.3 4.9/7 47/5.2 Ula Fig. 11.  Mismatch of the d- and g-axis inductances used by the four sensorless

estimation error (rpm) FOC schemes.
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Fig. 12.

rotor position estimation errors, and the rotor speed estimation
errors of the system using the four sensorless FOC schemes
are compared in Fig. 10 and Table II. These results show that
before the load torque changes, the proposed ELADRC-based
sensorless FOC scheme has the smallest position and speed
estimation errors among the four sensorless FOC schemes, and
the proposed LADRC-based sensorless FOC scheme is also
better than the two SMO-based schemes. Compared to the
conventional SMO-based scheme, the rotor position waveforms
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Test results with an inductance mismatch: (a) conventional SMO-, (b) adaptive SMO-, (c) LADRC-, and (d) ELADRC-based sensorless FOC schemes.

of the adaptive SMO-based scheme have no dc offset, which
means that there is no phase delay problem. However, there is
still the chattering problem. For the proposed LADRC-based
and ELADRC-based schemes, both the phase delay and the
chatting problem presented in the SMO-based schemes are
significantly mitigated. As discussed at the end of Section II-A,
these improvements are due to the estimation of the back EMF
in the estimated synchronously rotating reference frame instead
of the stationary reference frame in the SMO-based schemes and
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Fig. 13.  Test results under a low speed with a large load torque: (a) LADRC-

the use of a continuous integrator 1/s in the LESO1 to estimate
the back EMF components. The former ensures no phase delay
problem while the latter significantly mitigates the chattering
problem.

When the load torque changes suddenly, the rotor position and
the speed estimation errors only increase slightly when using the
ELADRC-based scheme but increase more significantly when
using the other three schemes, particularly the two SMO-based
schemes. With the help of the LESO?2 to estimate and compen-
sate for the internal disturbance, the current regulation quality of
the ELADRC-based scheme is better than that of the LADRC-
based scheme in both the steady-state and transient conditions,
as shown in the PMSM §-axis current plots in Fig. 10(c) and (d).
Thus, the rotor position and speed estimation performance of the
ELADRC-based scheme is better than that of the LADRC-based
scheme.

C. Constant Load Torque and Constant Speed With PMSM
Parameter Mismatch

The rotor position and speed estimation performance of the
four sensorless FOC schemes is compared for the salient-pole
PMSM operating at 1500 r/min, where the load torque reference
is 0.9 N-m. Assume that the d- and g-axis inductances used by
the four schemes are mismeasured to be 150% of Lgg and Ly
from 0.05 s onward, as shown in Fig. 11.
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and (b) ELADRC-based sensorless FOC schemes.

TABLE III
PERFORMANCE COMPARISON OF THE FOUR ROTOR POSITION SENSORLESS
FOC SCHEMES UNDER PARAMETER MISMATCHES

Before/After Parameter Mismatches
Performance Metric Conventional | Adaptive
SMO SMO LADRC |[ELADRC
Amplitude of rotor position | ¢ 15 | 4555 | 444 | 2.525
estimation error (degree)
Amplitude of rotor speed 8/10 49/51 | 4749 | 11
estimation error (rpm)

The rotor positions, rotor position estimation errors, and
the rotor speed estimation errors of the system using the four
sensorless FOC schemes are compared in Fig. 12 and Table III.
These results show that the ELADRC-based sensorless FOC
scheme has the best rotor position and speed estimation per-
formance among the four schemes. When the parameter mis-
match occurs, the rotor position and speed estimation errors
do not change at all when using the ELADRC-based scheme
but increase significantly or obviously when using the other
three schemes. The robustness of the ELADRC to the parameter
mismatch is achieved by using the LESO2, which estimates the
internal disturbance caused by the parameter mismatch and com-
pensates the estimated disturbance in the current control loop to
improve the current regulation quality of the ELADRC-based
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scheme over the LADRC-based scheme, as shown in the first
plots of Fig. 12(c) and (d).

D. Low-Speed Operation With a Large Load Torque

To verify the superior performance of the ELADRC-based
sensorless FOC scheme under low-speed conditions, which are
more challenging for the back EMF based rotor position sensor-
less control methods, the salient-pole PMSM with each of the
four sensorless FOC schemes was tested at 30 r/min with a load
torque of 2.16 N-m, which is 120% of the rated value. At such a
low speed and large load torque condition, the two SMO-based
sensorless FOC schemes failed to control the PMSM; however,
both the LADRC- and the ELADRC-based sensorless FOC
schemes controlled the PMSM well, as shown in Fig. 13. With
the help of the LESO2 to estimate and compensate for the
internal disturbance, the current (e.g., d-axis current) regulation
quality of the ELADRC-based scheme is better than that of the
LADRC-based scheme; and the amplitudes of the rotor position
and speed estimation errors of the ELADRC-based scheme
are 2.5° and 1.1 r/min, respectively, which are much smaller
than 6.8° and 5.2 r/min, respectively, of the LADRC-based
scheme.

VI. CONCLUSION

An ELADRC-based rotor position sensorless FOC scheme
was proposed for the PMSM drives in an estimated syn-
chronously rotating reference frame. The proposed scheme
does not have the phase delay or chattering problem as seen
in the conventional SMO-based sensorless FOC schemes. In
addition, the current regulation quality of the proposed scheme
was improved by timely estimating and compensating for the
internal disturbances, such as the parameter and current regula-
tion quality variations in the current control loop, which further
improved the position estimation performance. The stability of
the closed-loop PMSM drive system with the ELADRC-based
sensorless FOC scheme was analyzed. Based on the analysis, the
parameters of the ELADRC were designed. The performance of
the ELADRC-based scheme was validated by the experimental
results for a 275-W salient-pole PMSM drive. The experimental
results showed that the PMSM drive using the ELADRC-based
scheme was not affected by PMSM parameter mismatches at
all and had a better rotor position estimation performance than
that using the conventional and adaptive SMO-based and the
LADRC-based sensorless FOC schemes.
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