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ABSTRACT: To enhance the electromagnetic transient performance and torque dynamic response quality of permanent magnet syn-
chronous motor (PMSM) vector control systems, an improved fuzzy nonlinear active disturbance rejection control (IFNLADRC)-based
dual-loop sensorless electromagnetic control method is proposed. Firstly, the nonlinear function fal,,, is optimized to resolve the
zero-point discontinuity and high-frequency chattering issues of traditional functions. A fuzzy logic controller is employed to opti-
mize the parameters of the nonlinear state error feedback (NLSEF) control law, improving control stability. An improved extended
state observer (IESO) is designed to accurately estimate the total system disturbances and achieve modular decoupling, which re-
duces the difficulty of parameter tuning. The controller adopts dual-loop control for comprehensive and efficient system regulation,
and it integrates a linear extended state observer (LESO) with a normalized phase-locked loop (PLL) to realize high-precision sensor-
less estimation. Simulation results show that the proposed method outperforms traditional controllers in speed response performance,
and it significantly suppresses speed fluctuations and current chattering under load disturbances. Under test conditions of speed steps
(1000 r/min — 1300 r/min — 1000 r/min) and load torque steps (=10 N), the steady-state speed error after each speed transition in sen-
sorless control is only +0.06 r/min with accurate rotor position estimation, effectively improving the dynamic response, anti-disturbance
performance, and control precision of the PMSM control system.
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1. INTRODUCTION

n the critical stage of advancing China’s “dual carbon” strat-
Iegy and accelerating the digital transformation of new-type
industrialization and intelligent manufacturing, permanent
magnet synchronous motors (PMSMs) have become the core
power executive components of high-efficiency energy-saving
transmission systems and high-end intelligent equipment.
Leveraging the core advantages of permanent magnet exci-
tation coupling, efficient electromagnetic energy conversion,
high-precision electromagnetic control characteristics, low
harmonic loss, and high dynamic response electromagnetic
torque output, PMSMs also serve as strategically fundamental
electromagnetic drive equipment supporting efficient energy
utilization, independent control of high-end equipment, and
industrial intelligent upgrading [1-4].

Traditional PMSM vector control employs a proportional-
integral (PI) control for the speed loop, which is easy to
implement and adjust but suffers from shortcomings such as
vulnerability to external disturbances and excessive overshoot.
To improve the anti-disturbance performance of PMSM control
systems, researchers have proposed various control strate-
gies: sliding mode control [5], neural network control [6],
fuzzy proportional integral differential (PID) control [7],
robust control [8], and active disturbance rejection control
(ADRC) [9], etc., which have been applied to PMSM system
control. Han [10] innovatively proposed nonlinear active
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disturbance rejection control (NLADRC) technology, whose
core advantage lies in achieving excellent control objectives
without relying on an accurate mathematical model. Ref. [11]
proposed a fuzzy PID-based control system that modifies
parameters through fuzzy processing of error variables, but
it requires adjusting multiple parameters and exhibits lim-
ited effectiveness under large errors. Ref. [12] presented
an improved ADRC strategy that obtains an approximate
tuning relationship through multiple algorithm iterations
of parameter relationships; however, this method involves
extensive algorithm iterations and is inconvenient for practical
operation. Ref. [13] proposed an improved ADRC strategy
based on a sliding mode observer; while the phase-locked loop
(PLL) in sensorless control can compensate for phase delay, it
requires designing complex adaptive laws or filter parameters,
increasing the difficulty of engineering implementation.
Ref. [14] addressed the high computational complexity and
design complexity of field-oriented control systems for dual
three-phase PMSMs by proposing an improved four-vector
Space Vector Pulse Width Modulation (SVPWM) algorithm
based on virtual voltage vectors, which simplifies calculations
while retaining harmonic suppression capabilities, but fails to
explore control performance under variable speed, variable
load, and extreme operating conditions. Ref. [15] targeted the
steady-state position estimation error of traditional PLLs in
PMSM sensorless control during ramp acceleration and decel-
eration. It innovatively combined a sliding mode observer, a
complex coefficient filter, and a frequency-locked loop (FLL),

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC26031202

Progress In Electromagnetics Research C, Vol. 169, 216-224, 2026

PIER C

constructing an FLL based on the complex coefficient filter
to realize adaptive adjustment of its center frequency, thereby
eliminating the steady-state position estimation error in ramp
speed tracking in principle. However, the study only focuses
on the medium-high speed range of surface-mounted PMSMs
and does not explore position estimation performance when
the back electromagnetic field (EMF) is weak in the low-speed
range.

To address the aforementioned issues, this paper proposes
an improved fuzzy nonlinear active disturbance rejection con-
troller (IFNLADRC). The specific methods are as follows:

1. Optimize the design of the nonlinear function fal,,,, to re-
solve the non-differentiability at the segmentation point, zero-
point discontinuity, and high-frequency chattering of the tradi-
tional fa/ function. Simultaneously, construct a fuzzy logic con-
troller with speed error and error change rate as inputs and the
NLSEF parameter correction value as output to realize adap-
tive optimization of the nonlinear state error feedback control
law parameters. The improved system robustness and control

stability can be verified through simulations.

2. Propose an improved extended state observer (IESO). Ac-
curate estimation of total system disturbances is achieved by
constructing a disturbance error differential equation and veri-
fying Lyapunov stability. Meanwhile, the parameter coupling
relationship between the tracking term and disturbance obser-
vation term in the traditional observer is decoupled, and a uni-
fied parameter tuning formula centered on the observer band-
width is designed. The reduced complexity of parameter tuning
can be verified through transfer function derivation and practi-
cal parameter tuning processes.

3. Establish a dual-loop (speed-current) improved fuzzy non-
linear active disturbance rejection control architecture. The
angular velocity and g-axis current are used as inputs to the
speed loop and current loop observers, respectively, and the
disturbance estimation value is incorporated into the parameter
decoupling process as a compensation term to realize coordi-
nated disturbance compensation and decoupling control of the
dual loops. The suppression effect of the dual-loop architecture
on speed fluctuations and current chattering under load distur-
bances can be verified through simulation comparisons [16].

4. Integrate LESO back EMF observation with normalized
PLL technology, design a rotor position lag compensation for-
mula to compensate for the estimation delay of LESO, and con-
struct a sensorless detection module. Simulation verification
confirms that this module achieves high-precision estimation
with a steady-state speed error of +0.06 r/min after each speed
transition and effectively eliminates the phase delay in rotor po-
sition detection.

The synergistic application of this series of improved con-
trol technologies in PMSM vector control systems enables the
construction of high-precision, high-robustness motor drive
control systems adaptable to multiple scenarios, such as in-
dustrial servo, new energy vehicle drives, and high-efficiency
energy-saving transmissions. By optimizing the nonlinear
functionfal,,,, and combining it with a fuzzy logic controller for
adaptive parameter optimization, the high-frequency chattering
caused by zero-point discontinuity and non-differentiability at
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the segmentation point of traditional NLADRC functions is ef-
fectively suppressed. This significantly improves the smooth-
ness of control signals, reduces the impact and fatigue dam-
age of current chattering on key electrical components such as
power devices and stator windings, and extends the service life
and operational reliability of the motor drive system. The im-
plementation of parameter decoupling design and unified band-
width tuning dynamically adjusts the controller parameter tun-
ing logic based on the motor’s real-time speed, load torque,
and stator current. This approach not only reduces the diffi-
culty and trial-and-error cost of on-site parameter adjustment
but also balances the dual requirements of system dynamic re-
sponse speed and steady-state control precision, adapting to
the complex control needs of PMSMs under variable speed
and variable load conditions. The system further integrates the
IESO with the dual-loop (speed-current) architecture, using an-
gular velocity and g-axis current as inputs to the dual-loop ob-
servers to accurately estimate composite system disturbances
caused by parameter perturbations, load mutations, and elec-
tromagnetic interference in real time. By incorporating the dis-
turbance estimation value into the parameter decoupling pro-
cess as a compensation term, coordinated dynamic feedforward
compensation of the dual loops is achieved, greatly enhanc-
ing the system’s anti-disturbance capability under severe distur-
bance conditions. Meanwhile, the sensorless detection module
constructed by integrating LESO with a normalized PLL ac-
curately compensates for the phase delay in back EMF estima-
tion, eliminating the installation space constraints, maintenance
costs, and failure risks associated with mechanical position sen-
sors, and improving the structural simplicity and environmental
adaptability of the drive system.

2. MATHEMATICAL MODEL OF PERMANENT MAG-
NET SYNCHRONOUS MOTOR

For the rotor structure of a surface-mounted PMSM, under ideal
conditions, vector control is realized through coordinate trans-
formation. Based on the field-oriented control principle [17],
the voltage equations in the synchronous rotating d-q frame are
derived as follows:

ug = Rig + L %id - WeLsiq (1)
Ug = Riq + Ly Liqg+ we (Lyiq + ¥y)

where u4 and v, are the stator d-axis and g-axis voltage com-
ponents; ig and i, are the stator d-axis and g-axis current com-
ponents; R is the stator resistance; L is the stator inductance;
1y is the permanent magnet flux linkage; w. is the electrical
angular velocity. The motion equation of the surface-mounted
PMSM is:

=== @)

where T, is the electromagnetic torque; B is the damping coef-
ficient; 17, is the load torque; J is the moment of inertia.
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Due to motor parameter variations and modeling uncertain-
ties, the PMSM model can be expressed as:
ug = Rig+ Ly %id — weLsiq + Auy
uq = Rig + LS%id + welLisig + wethy + Ay
T, = %pnwfiq + ATe

(€)

where Aug, Aug, and AT, are uncertain disturbances caused
by parameter perturbations inside the PMSM.

3. DESIGN OF A ANTI-NOISE CONTROLLER FOR
SPEED AND CURRENT LOOPS

3.1. Improving the Design of Nonlinear Self-Disturbance-
Immune Controller

In the PMSM field-oriented control (FOC) framework, the
outer speed loop faces severe challenges to system robustness
when dealing with large speed difference fluctuations, measure-
ment noise, and load-side electromagnetic disturbances. Speed
deviations caused by load mutations are amplified by the speed
regulator and directly propagated to the inner g-axis current
loop, leading to drastic fluctuations in electromagnetic torque
commands and thus undermining the dynamic stability of the
system. Therefore, designing a high-performance nonlinear ac-
tive disturbance rejection controller is particularly crucial.

The structure of traditional NLADRC [18] consists of a
Tracking Differentiator (TD), a Nonlinear State Error Feedback
(NLSEF) control law, and a Nonlinear Extended State Observer
(NESO). In this paper, a first-order NLADRC is designed based
on the motor mechanical motion equation.

The design of the nonlinear tracking differentiator breaks
the limitations of traditional linear differentiators. Its nonlin-
ear structure achieves high-precision tracking and differential
extraction of input signals, while exhibiting strong anti-noise
capability and optimized dynamic performance. The discrete
form of the tracking differentiator is as follows:

fh = Fhan (o.)rgf(t) - w:%, (,;)mf'(t% To, ho) s
Wref(t + h) = wrer(t) + hivre(t),
Wref(t + h) = Wrer(t) + hfn

“)

where fj, is the intermediate variable of the tracking differen-
tiator; fhan is the fastest synthesis function; w},,, Wrep, Wer are
the given reference angular velocity, the actual angular veloc-
ity after transition, and its differential value; h is the sampling
step; ho is the filtering factor; r is the speed factor.

The nonlinear parts of the traditional NESO and NLSEF are
composed of the nonlinear function fal, whose expression is fal,

expressed as:

e/6(—)

sign(e)le|*,

le] <6

fal(e,a,6) = { ®)

le] >4

where « is the speed tracking factor related to the function fa/;
« is the filtering factor. As can be seen from the equation,
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fal

the function fal is non-differentiable at the linear-nonlinear seg-
mentation point §, making it highly sensitive to the actual value
of the error. If § is too small, the severe high-frequency chat-
tering of the function fal will occur, thereby reducing system
robustness.

Improve the nonlinear function fal,,,, as follows:
kq sin(e) + koe + ks tan(e), le| < 4§
f new = . (6)
sign(e)le|°, o] > 6

Through continuous solution at the segmentation point, the
following is obtained:

ad® ! an(64+6%)—8%

ki = tan(3+63)—sin(d)
ko =0 @)
ks — (146%) (8% cos(8)—as™ " sin(6))

cos(5+63) tan(6) —sin(4)

The fal function possesses a constant derivative and a fixed
gain for minor noises and errors. Consequently, noises are lin-
early amplified without abrupt mutations, while the amplifica-
tion factor remains constant. The derivative of the fal,,, func-
tion approaches zero at e = 0, and its gain for extremely small
noise and error perturbations near the zero point is considerably
lower than that of the fa/ function, which effectively suppresses
minor disturbances near the zero point. The superiority offal,,,,
does not lie in stronger robustness over the entire interval, but
in precise optimization for its design objective, namely the sup-
pression of minor error noises near the zero point. This also
constitutes the core application scenario of fal-type functions in
ADRC, i.e., error handling near the zero point in extended state

observers and error feedback control as illustrated in Fig. 1.

fal(e, a, §)

al falnew(e)

function output value

FIGURE 1. Comparison of variation characteristics between fa/ and

e TUNCEIONS.

The value of the relevant coefficient kg of the NLSEF control
law is undetermined and thus can be determined through the se-
lection of membership functions and fuzzy rules. Specifically,
the error e between the given speed and the estimated feedback
speed from the state observer and the error change rate ec are
set as the two input terminals of the fuzzy logic controller, and
the correction value Ak of the parameter to be tuned in the error
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FIGURE 2. Triangular fuzzy membership function of error e.
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FIGURE 3. Triangular fuzzy membership functions of the error change
rate ec.

state feedback is set as the output of the fuzzy controller. The
obtained correction value Ak is incorporated into k = ko + Ak
through fuzzification, where kq is the initial compensation co-
efficient. Triangular fuzzy sets are selected as the membership
functions, and the upper and lower boundary points are reason-
ably set according to the region to be fuzzified, as shown in
Figs. 2-5. The fuzzy rules are shown in Table 1.

TABLE 1. Fuzzy control rules.

ec\e | NB | NS | Z0 | PS | PB
NB Z0 | Z0 | Z0 | NS | NB
NS Z0 | Z0 | NS | NS | NB
Z0 PS | PS | PS | PB | PB
PS Z0 | z0 | PS | PS | PB
PB Z0 | Z0 | Z0 | PS | PB

Figure 5 shows the corresponding three-dimensional output
surface diagram of the fuzzy controller.

3.2. Improved Design of the Extended State Observer

The design objective of the improved extended state observer
is to achieve more accurate estimation of total system distur-
bances. Parameter decoupling aims to resolve the mutual cou-
pling between the observer module and the tracking module,
reducing the difficulty of parameter tuning.

The model can be designed based on known quantities:

dwm, T. Ty

a  J T J ®)
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FIGURE 4. Triangular fuzzy membership function of parameter ko.

FIGURE 5. Three-dimensional output surface plot of the fuzzy con-
troller.

f=-Cf-f)=-Cf+Clwn—bou) (9

The disturbance experienced by the speed loop of the PMSM
system is exzpressed asEq. (8): f = 7T7L - B% + (b—bo)u,
where b = 2221 s the actual gain of the controller; u = iq 18
the final output of the controller; by is the estimated value of b;
f is the estimated value of the actual disturbance; C' is the gain
of disturbance estimation.

Since the control principle of the current loop is consistent
with that of the speed loop, the disturbance experienced by the
current loop can be represented using the same variables as the
speed loop. From Eq. (3), the g-axis current equation is derived
as:

diq 1 R We )
bl R Y S 10
it I, Ug L, tq L, (Laiq +vy) (10)
From Eq. (10), we cansetz; = i, v3 = f = —bo(u;—uq)—
%i: — %ﬁw, where f represents the total disturbance

arising from complex unknown factors, such as concentrated
wiﬂ variations, perturbations of the parameters resistor R and
q

inductor L, and external disturbances.

A corresponding differential equation for the disturbance er-
ror is established, and the intermediate variable z = f — Cwm
is introduced. By differentiating and combining, the following
is obtained:

~

ea=f-
éq+Ceg =0 (11)

f_CWm

2:
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The observer expression is solved as:

—Cf = Cbyu = —C (2 + Cwy,) — Chou

. (12)

f=2z+Cuw,,

To verify whether the perturbation error differential equation
in (11) satisfies the Lyapunov stability condition, transform it
and substitute the transformed e into the Lyapunov equation:

ed:*C(f*f) (13)
V= e?i
The solution is:
) . 2
V = 2e4éq = —20C€% = —20C (f - f) (14)

When h > 0, V' < 0 is satisfied, fulfilling the Lyapunov
stability condition, thus enabling accurate estimation of distur-
bance quantities.

Further analysis of the coupling problem reveals that design-
ing a parameter-decoupled extended state observer can effec-
tively reduce the difficulty of controller parameter tuning. By
removing the fal function from the traditional extended state
observer and applying a Laplace transform, the relationships
between the system input byu, output w,,, and state variables
are obtained:

B15+B2

1= g ot s(s+31)+62 w (15)
_ B
212 = s WUt e W
The NLSEF control law is designed as:
ug = K, fal(e1, a1, 6
{ ’ u0f£125'2122) 1 1) (16)
U= S

Combining Eq. (15) (with the fa/ function removed) and
Eq. (16), the value of u is obtained. The controlled object is
defined as:

wo LZE st B (k o nBit Ba)s + kyBa )
bo 2 4 fBis+ kps \' 7" s2 + B1s + fBo "
a7)
Control objects can be set:
1
=3 (f + bow) (18)

The closed-loop transfer function of a first-order closed-loop
system can be obtained by combining Eqgs. (17) and (18):

Y(s) = Gr(s)V(s) +G¢(s)F(s)

$2 + Bis + kps

=k O G R+ s + )

F(s) (19)
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where G(s) is the system tracking transfer function; G(s)
is the system disturbance transfer function. k, determines the
system’s tracking performance, while the system’s disturbance
rejection capability depends on k,, 31, and 3. An interactive
coupling relationship exists between the system’s tracking term
and disturbance observation term, increasing the difficulty of
controller parameter tuning.

Integrating the aforementioned total system disturbance esti-
mation and observer parameter decoupling process, a new im-
proved extended state observer is designed:

€1 = Wm — 221
o1 = zog + bou + f (20)
dop = Bifal,e, €1 + Pofal,,e1
ey = W), — 221
up = koea (1)
o uo*(222+f)
=ty

where f is the disturbance compensation; zoo is used to track
the residual disturbance in the PMSM system excluding f ;uis
the final output of the control system for regulating the speed
loop and current loop; parameter tuning of the ADRC system
adopts the bandwidth tuning method:

B = 2wo
B2 = wg

In Eq. (22), wy represents the bandwidth of the improved ex-
tended state observer.

The principal block diagram of the improved fuzzy nonlin-
ear active disturbance rejection controller is shown in Fig. 6,
where the dashed block represents the improved extended state
observer.

| de/dt | 3] Fuzzy |

A
te | ) f

{ D »@@a NLSEF —»xa 1/b,

(22)

SYSTEM

_E_I»Eaf?ew— _______ el |
@J—%ﬂ %a[new »1/s 4272 [c]

125, +v

‘Wx;@yL@l{a 15 46
PjJ

Improved Expansion
State Observer

¢

0

FIGURE 6. Principle block diagram of the improved fuzzy nonlinear
active disturbance rejection controller.

4. SENSORLESS DESIGN

Traditional mechanical contact sensors require additional in-
stallation space, increasing the overall volume of the motors.
Sensorless designs eliminate physical detection components,
resulting in simpler structures, wear-free, maintenance-free
operation, lower costs, reduced failure rates, faster response
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speeds, and more flexible installation. This paper employs
LESO to observe back EMF. The expression is as follows:

Eo = 231 — la
Z31 = za1 — B3Ea + bou+ f1 (23)
Zy1 = —PaEa
Eg = 230 —ig
Z30 = 242 — B3Eg + bou + fo (24)
240 = —PaEpg

In Egs. (23) and (24): z31 and z39 represent the observed
current values on the o~ axis, while fi + z41, fo + 242 denote
the estimated total disturbance values on the a-3 axis, where

fr=-— RLSz“ and fo = — RL"‘:B , and the estimated back-EMFs

Ea E,@ on the a-3 axis can be extracted from z4; and z4o, re-
spectively, as follows:

{Ea = —Lsz41

) 5)
Eg = —Lsz4

A normalized phase-locked loop structure is employed to ex-
tract rotor information from the PMSM, enhancing the accuracy
of rotational speed and rotor position. To compensate for the
delay caused by the LESO estimation back-EMF, rotor position
compensation is required. The position compensation formula
is as follows:

O1ag = 2 arctan (we> (26)
wo
In Eq. (26), 015, represents the lag compensation angle value,
and w. denotes the estimated electrical angle. The structure
block diagram of the normalized PLL is shown in Fig. 7.

5. SIMULATION EXPERIMENT VALIDATION

To verify the feasibility and effectiveness of the proposed I[FN-
LADRC in suppressing the anti-disturbance control perfor-
mance of the PMSM dual-loop control system under speed mu-
tations and load mutations, a simulation model of PMSM vec-
tor control based on IFNLADRC was established and imple-
mented using MATLAB/Simulink. Fig. 8 shows the block di-
agram of the sensorless vector control for PMSM with model-
compensated nonlinear active disturbance rejection. The spe-
cific simulation parameters of the PMSM are listed in Table 2.

TABLE 2. Motor parameters.

Parameters Parameter value
Stator Inductance Ls/mH 8.5
Stator resistance R/S) 2.875
Magnetic chain 1;/Wb 0.175
Pole pairs P 4
Moment of inertia .J/(kg-m?) 0.003
Damping coefficient B 0.008
DC voltage Ug./V 311

221

FIGURE 7. Structure block diagram of the normalized phase-locked
loop.
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FIGURE 8. Block diagram of sensorless vector control for PMSM based
on IFNLADRC.

To further validate the control performance of the improved
IFNLADRC under various conditions, this paper conducts
comparative experiments in sensorless control scenarios us-
ing traditional PI controllers, LADRC, NLADRC, Multi-stage
ADRC (referring to a cascaded ADRC structure with dual ex-
tended state observers), and the proposed IFNLADRC. For
the system speed loop: PI parameters: kp = 0.3, ki = 5;
LADRC parameters: kp = 100, wy = 300; NLADRC param-
eters: kp = 100, wy = 300; Multi-stage ADRC parameters:
kp = 100, B11 = 30, Bia = 225, Ba1 = 1200, S22 = 360000;
IFNLADRC parameters: kp = 100, 511 = 30, f12 = 225,
B21 = 1200, B22 = 360000; Current loop PI parameters:
kp = 45, ki = 220.

The speed response performance of each controller under
sensorless control was verified under the following conditions:
initial start-up at 1000 r/min, speed transition to 1300 r/min
with a sudden load reduction of 10N at 0.2s, and speed re-
duction to 1000 r/min with a sudden load increase of 10N at
0.4s. The speed curves under the above conditions are shown
in Fig. 9.

As can be seen from Fig. 9, the proposed IFNLADRC
method exhibits a fast dynamic response and excellent anti-
disturbance capability; after loading or unloading, it can
quickly recover to the reference speed, suppress speed fluctu-
ations, and reduce the chattering amplitude of the system, and
reduce the system chattering amplitude. The speed overshoot,
rise time ratio, and adjustment time of the IFNLADRC control
method and other control methods in the three stages are listed
in Table 3.

Figures 10 and 11 show the response curves of the g-axis cur-
rent 7, and electromagnetic torque after start-up, respectively,
with high curve similarity. Analysis indicates that the g-axis
current ¢, rapidly reaches its maximum value in the initial start-

WWwWw.jpier.org



PIER C

Chen et al.

1600

1400

T 1200

1000

800

[=2]
(=]
(=]

Motor speed (r/min)

o
o
o

N
[=]
(=]

0.02 0.04 0.06

0.1

[e=}
[=)

0.2

1100

0.3
Time/s

FIGURE 9. Motor speed response curves under various controllers.
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FIGURE 10. g-axis current response curves under each controller.
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FIGURE 11. Electromagnetic torque response curves under each controller.

up stage. The speed drop of the IFINLADRC control method
after loading at 0.2 s is 87.30%, 90.58%, 91.62%, and 86.33%
of those of the multi-stage ADRC, NLADRC, LADRC, and
PI controllers, respectively. A smaller start-up current reduces
the cost requirements for hardware equipment. Additionally,
current fluctuations are further suppressed after start-up during
loading and unloading. Meanwhile, compared with other con-
trollers, IFINLADRC outputs more stable torque. Therefore,

222

the proposed IFNLADRC control method also exhibits excel-
lent performance during start-up.

The LESO designed in this paper achieves a precise estima-
tion of the error between the observed PMSM speed and the ac-
tual speed. The bandwidth wy of the LESO is set to 6000, and
the time interval is set to 0.05-0.06s. The comparison results
are shown in Fig. 12. After normalization, the back EMF ob-
served by the designed LESO exhibits a small error with the ro-
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FIGURE 14. Sensorless rotor position estimation error waveform.

TABLE 3. Performance comparison of different control methods.

Control Overshoot Rise Regulation
method (%) time (s) time (s)
Stage 1 (0—1000 r/min)
PI 10.2 0.02 0.115
NLADRC 1.1 0.03 0.006
LADRC 2.6 0.03 0.005
Multi-stage ADRC 33 0.035 0.006
IFNLADRC 0 0.05 0.008
Stage 2 (1000— 1300 r/min)
PI 20.8 0.008 0.315
NLADRC 4.6 0.010 0.223
LADRC 5.4 0.011 0.220
Multi-stage ADRC 0.8 0.012 0.221
IFNLADRC 0 0.015 0.230
Stage 3 (1300— 1000 r/min)

PI 253 0.03 0.551
NLADRC 5.1 0.02 0.430
LADRC 6.0 0.02 0.430
Multi-stage ADRC 43 0.02 0.430
IFNLADRC 3.0 0.01 0.420

tor position angle extracted by the rotor position-compensated
quadrature PLL. As shown in Fig. 13, the steady-state speed
fluctuation estimated by the LESO is within £0.06 r/min, in-
dicating low chattering and high precision of the method. As
shown in Fig. 14, the sensorless control can accurately estimate
the rotor position, reducing the steady-state error during track-
ing and avoiding the phase delay problem.
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FIGURE 13. LESO estimated speed error waveform.
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FIGURE 15. Three-phase current waveform under NLADRC control.
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A comparison between Figs. 15 and 16 shows that compared
with the traditional NLADRC control method, the IFNLADRC
control method achieves more stable three-phase currents i, i,
and ¢, of the PMSM. Therefore, the improved IFNLADRC con-
trol method enhances the stability of the controller to a certain
extent.

6. CONCLUSION

This paper focuses on enhancing the electromagnetic transient
performance and torque dynamic response quality of PMSM
vector control systems. To achieve this goal, an IFNLADRC-
based motor vector control method is proposed. The improved
nonlinear function fal,,,, for NLADRC resolves the disconti-
nuity problem of traditional nonlinear functions and thus en-
hances the anti-disturbance performance. Meanwhile, a fuzzy
logic controller is designed to optimize the NLSEF parameters,
which achieves more stable control performance. The designed
improved extended state observer can accurately estimate the
residual system disturbances, which not only reduces the dif-
ficulty of parameter tuning but also improves the tracking per-
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formance and anti-disturbance capability of the control system.
Simulation results demonstrate that the proposed control strat-
egy improves the response speed of the speed regulation system
and reduces the steady-state error. Additionally, the design of
the LESO-based sensorless control combined with a quadrature
PLL limits the steady-state speed error after each speed tran-
sition during simulation to £0.06 r/min, enabling the accurate
detection of the rotor position and ensuring the stability of g-
axis current and electromagnetic torque output. There remains
room for further research on parameter adjustment in the active
disturbance rejection control loop; future work will consider
integrating algorithm-based parameter optimization.
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