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ABSTRACT: To improve the electromagnetic operating stability and dynamic response of a permanent magnet synchronous motor (PMSM)
speed control system under load disturbances and speed variations, an improved particle swarm optimization-based super-twisting active
disturbance rejection control (IPSO-ISTA-ADRC) method is proposed. Focusing on the speed control loop, high-order power terms
are introduced into the super-twisting control law within the ADRC framework to accelerate error convergence. A dynamic boundary-
layer function is employed to smooth the switching terms and reduce chattering. In addition, a sigmoid function is incorporated into the
extended state observer to improve disturbance estimation and compensation, while an improved particle swarm optimization algorithm
is used to optimize the controller parameters. The proposed method is further applied to a sensorless PMSM speed control system
to evaluate its control performance under sensorless operating conditions. Simulation results show that, compared with PI, LADRC,
and boundary-layer-based STA-ADRC, the proposed method effectively suppresses speed overshoot and fluctuations and shortens the
recovery time under no-load startup, load disturbance, and speed variation conditions, thereby achieving improved disturbance rejection,

faster dynamic response, and enhanced robustness.

1. INTRODUCTION

ermanent magnet synchronous motors (PMSMs) are widely
Pused in new-energy vehicles, industrial robots, and high-
performance servo systems because of their high power den-
sity, high efficiency, and fast dynamic response. Electromag-
netic torque is generated through the interaction between the ro-
tor permanent-magnet field and the rotating stator field. Load
disturbances and abrupt speed changes can cause fluctuations
in the stator current and electromagnetic torque. Conventional
mechanical position sensors, however, increase both system
cost and maintenance requirements. Sensorless control has
therefore become an important research topic for PMSM drive
systems.

Research on sensorless PMSM operation has primarily fo-
cused on high-frequency signal injection, back-electromotive-
force estimation, and state-observer design. Methods that
account for cross-coupling inductances or employ Luenberger
observers and reduced-order disturbance observers have
improved rotor position and speed estimation over different
operating regions. Sensorless control methods for different
speed ranges have also been systematically reviewed and com-
pared [1-4]. Although these studies have laid the foundation
for sensorless PMSM operation, system performance under
load disturbances and abrupt speed changes also depends
strongly on the dynamic response and disturbance-rejection
capability of the speed controller.
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Active disturbance rejection control (ADRC) treats param-
eter variations, unmodeled dynamics, and external load vari-
ations as a lumped disturbance, which is estimated and com-
pensated for in real time by an extended state observer (ESO).
This approach reduces the controller’s dependence on an ac-
curate mathematical model. In [5], ADRC was applied to a
PMSM current loop to improve current tracking under param-
eter variations and load disturbances. To address the trade-off
between command tracking and disturbance rejection in con-
ventional linear active disturbance rejection control (LADRC),
a two-degree-of-freedom structure was introduced in [6] to de-
couple the tracking and disturbance rejection channels, thereby
providing greater flexibility in controller tuning. A two-stage
ESO was subsequently developed in [7] to improve the esti-
mation of aperiodic and periodic disturbances. Although these
methods enhance the disturbance estimation and compensation
capabilities of ADRC, LADRC relies mainly on linear error
feedback. Its dynamic response and nonlinear regulation capa-
bility under rapid speed changes and severe load disturbances
therefore can be further improved.

The super-twisting algorithm (STA) provides a continuous
control output while retaining the robustness of sliding-mode
control and has consequently been increasingly adopted in
PMSM speed control. In [8], continuous adaptive fast ter-
minal sliding-mode control was combined with an improved
super-twisting observer to enhance speed response and distur-
bance estimation. Studies [9, 10] incorporated improved super-
twisting algorithms into LADRC and introduced improvements
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to the ESO, state-error feedback law, and smoothing func-
tion, thereby enhancing the dynamic performance of the PMSM
speed loop and reducing chattering. In [11], the conventional
sign function was replaced by a continuous quasi-sliding-mode
function, and a proportional-integral term was incorporated into
the super-twisting control law to improve speed recovery fol-
lowing load disturbances. These studies demonstrate that com-
bining the STA with ADRC can improve the controller’s re-
sponse speed and robustness. Nevertheless, the multiple gain
parameters in the control law are mutually coupled, making the
resulting performance highly dependent on appropriate param-
eter coordination.

Closed-loop performance is also affected by the ESO’s dis-
turbance estimation accuracy and output smoothness. In [12],
the nonlinear error function and sliding-mode ESO were im-
proved to enhance disturbance estimation and current control.
Refs. [13, 14] employed cascaded nonlinear ESOs or incorpo-
rated sliding-mode control into ADRC to improve the com-
pensation of lumped disturbances and observation residuals.
In [15], the controller switched between LADRC and nonlinear
ADRC, according to the magnitude of the speed error, combin-
ing a rapid response in the large-error region with high con-
trol accuracy in the small-error region. Although these studies
have improved PMSM control through observer design, error-
feedback functions, and combinations of control laws, the large
number of parameters involved still makes coordinated tuning
of the controller and observer difficult.

To reduce reliance on manual tuning, intelligent optimiza-
tion algorithms have been increasingly used to optimize motor-
control parameters. In [16], a hybrid grey wolf optimization
algorithm was used to tune the parameters of an improved
super-twisting LADRC, improving speed tracking and distur-
bance rejection performance of a PMSM speed regulation sys-
tem. In [17], an improved particle swarm optimization al-
gorithm was applied to the LADRC parameter-tuning prob-
lem of a permanent-magnet linear synchronous motor, resulting
in improved position tracking. These studies demonstrate the
effectiveness of intelligent optimization algorithms for multi-
parameter controller tuning and provide a basis for the param-
eter optimization considered in this work.

In summary, previous studies have improved PMSM speed
regulation through super-twisting control, ESO enhancement,
and intelligent parameter tuning. However, most existing im-
provements focus on the control law, disturbance observer, or
parameter optimization separately, leaving scope for a more co-
ordinated design of these components. Accordingly, rather than
simply retuning an existing STA-ADRC, this study jointly con-
siders the speed-loop control law, disturbance estimation, and
parameter configuration.

To address these issues, this paper proposes an improved
PSO-based, power-augmented super-twisting active distur-
bance rejection control method for a sensorless PMSM speed
regulation system. The main contributions are summarized as
follows:

(1) The conventional super-twisting control law is aug-
mented with higher-power nonlinear terms. The standard
super-twisting terms provide the required disturbance rejection
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capability, while the higher-power terms strengthen the control
action when the speed error is large, thereby improving the
dynamic response to abrupt speed changes and load distur-
bances. A dynamic boundary-layer function is also employed
to smooth switching terms and reduce chattering in control
output.

(2) A sigmoid function is incorporated into the ESO’s non-
linear error-feedback channel to improve the smoothness of the
disturbance estimate while preserving its error-correction capa-
bility. The resulting estimate of the lumped disturbance is then
fed forward to the speed controller for compensation.

(3) The introduction of higher-order power terms increases
the number of controller parameters, strengthens parameter
coupling, and makes manual tuning more difficult. An im-
proved particle swarm optimization algorithm is therefore em-
ployed to jointly optimize the key speed-controller parameters.
A composite objective function is constructed using speed-
tracking error, steady-state error, overshoot, load-disturbance
error, and ¢-axis current fluctuation so that the optimized pa-
rameters account for dynamic response, disturbance rejection,
and current smoothness.

(4) The proposed speed controller is integrated with an
LESO-IPLL sensorless estimation structure to form a sensor-
less PMSM speed regulation system. Under identical operating
conditions, the proposed method is compared with PI, LADRC,
and STA-ADRC in terms of speed response, recovery from load
disturbances, and electromagnetic torque, thereby verifying its
effectiveness.

2. MATHEMATICAL MODEL OF THE PMSM

A surface-mounted permanent magnet synchronous motor
(SPMSM) is considered in this study. Under ideal conditions,
the effects of magnetic saturation, iron losses, temperature
variations, and other factors are neglected. The PMSM’s math-
ematical model is established in the synchronously rotating
d-q reference frame. The stator-voltage equations are given by

di
uqg = Rgig + Ld% — weLqiq

(M

Ug = Rsiq + Lq% 4+ weLgiqg + L«Je?/)f
where uq and u, are the d- and g-axis stator voltages, respec-
tively; ¢4 and i, are the d- and g-axis stator currents, respec-
tively; R, is the stator resistance; L4 and L, are the d- and
g-axis inductances, respectively; w, is the electrical angular ve-
locity; and v ¢ is the rotor permanent-magnet flux linkage.

The PMSM’s electromagnetic torque is expressed as

3 . .
T, = ipn [Vrig + (La — Lq)iaiq] 2
where T, is the electromagnetic torque, and p,, is the number
of pole pairs.
The mechanical equation of motion is given by
dwp,

J——=T,-T, — Bwn,

dt 3
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where 77, is the load torque, J the moment of inertia, B the

viscous friction coefficient, and w,, the mechanical angular ve-

locity. The relationship between the electrical and mechanical
angular velocities is

We = PnWm (4)

For an SPMSM, it can be approximated that Ly = L,. With

the 74 = 0 vector-control strategy adopted in this study, the
electromagnetic torque can be simplified as

3 )
Te = §pn'¢}f2q (5)
Substituting Eq. (5) into Eq. (3) gives
dw,,  3ppty T, + Bwm,
= - 6
27 T ©
Define
. 3pn¢f Ty, + Bwp,
= by = — _IL T P¥m
u=i, b=l - ™
The speed subsystem can then be written as
wm = bou + f @®)

where wu is the equivalent control input of the speed loop,
namely the g-axis current; by is the system input gain; and f
represents the total system disturbance.

3. DESIGN OF THE IMPROVED SPEED CONTROLLER

As shown in Eq. (8), the PMSM speed subsystem can be repre-
sented as a first-order uncertain system subject to a lumped dis-
turbance. Conventional LADRC employs linear error feedback
and features a simple structure and straightforward parameter
tuning. However, its dynamic response and disturbance rejec-
tion capability are limited under abrupt speed changes and load
disturbances. The super-twisting algorithm drives the sliding
variable to zero through a continuous control action, thereby
reducing high-frequency chattering while preserving system ro-
bustness. Accordingly, an improved super-twisting algorithm
is incorporated into the LADRC speed loop in this section. The
reference-signal processing and disturbance-observation stages
are also modified to improve the speed controller’s tracking and
disturbance-rejection performance.

3.1. Smoothing of the Speed Reference

Abrupt changes in the reference speed can cause a transient in-
crease in the speed error and fluctuations in the control output.
To address this issue, a second-order tracking differentiator is
employed to smooth the reference speed. Let wyer denote the
reference speed, v; the smoothed speed-reference signal, and
v its derivative. The tracking differentiator is designed as

€0 = V1 — Wref

1'}1 = V2

©

2

Vo = —T°eg — 2709

where r is the tracking-rate factor. Equation (9) smooths the
transition of the reference-speed signal, thereby reducing the
effect of abrupt speed-loop input changes on the control system.
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3.2. Design of the Improved Super-Twisting Control Law

The speed-tracking error is defined as

(10)
where s denotes the sliding-mode variable of the speed loop.
The conventional super-twisting control law is expressed as

S=vV1 — 21

Uy = Up(s) + us
where
up(s) = Jr 5[/ sen(s) )
u;i(s) = k3 sgn(s)

Here, ug denotes the virtual control input before disturbance
compensation; u is the internal state of the super-twisting con-
troller; and k; and k3 are the controller gains.

The conventional super-twisting controller provides good
continuity and disturbance rejection performance. However,
its switching terms employ the ideal sign function, which is
discontinuous at the origin and may cause high-frequency chat-
tering in practical control systems. To improve the continuity
of the switching terms, a dynamic boundary-layer function is

constructed as
s

|s| +d(s)
where the dynamic boundary-layer thickness is defined as
6(8) = dmin + (Omax — Omin) €xp (—p|s|) (14)

Here, Omin and Opax denote the minimum and maximum
boundary-layer thicknesses, respectively, and p is an adjust-
ment coefficient.

Under identical controller parameters and operating condi-
tions, the ideal sign function, the fixed boundary-layer function
corresponding to p = 0, and the dynamic boundary-layer func-
tion corresponding to p = 3 are employed to compare the g-axis
reference current responses. The results are shown in Fig. 1.

H(s) = (13)

-~Ideal sign function - - ‘Fixed boundary layer —Dynamic boundary layer

30
25 .\w
20
< st ‘,l
ol 0208 / 0228 0.248
sl
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t/s

FIGURE 1. Comparison of g-axis reference current responses using dif-
ferent switching functions

To quantitatively evaluate high-frequency chattering, the
steady-state interval from 0.25 to 0.39s is selected. The stan-

dard deviation of the g-axis reference current is adopted as the
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chattering evaluation index, defined as

N2
G T
(Zq,k Zq)

where N is the number of samples in the selected steady-state
interval; i; ; is the g-axis reference current at the k-th sampling

;N
N1

k=1

Jen = (15)

instant; and Z; is its mean value over this interval.

According to Eq. (15), the values of J, obtained using the
ideal sign function, fixed boundary-layer function, and dy-
namic boundary-layer function are 0.072, 0.011, and 0.013 A,
respectively. Compared with the ideal sign function, the dy-
namic boundary-layer function reduces this index by approx-
imately 81.9%, quantitatively demonstrating its effectiveness
in suppressing high-frequency chattering. The indices obtained
using the dynamic and fixed boundary-layer functions are close,
indicating that both functions provide effective steady-state
chattering suppression. In the large-error region, the thickness
of the dynamic boundary layer decreases, causing Hj(s) to ap-
proach the ideal sign function and thereby strengthening the
transient control action. Therefore, compared with the fixed
boundary-layer function, the dynamic boundary-layer function
maintains a comparably low steady-state fluctuation level while
providing a faster transient response and a smaller response lag.

The lower-order nonlinear terms in the conventional super-
twisting control law grow relatively slowly as the tracking error
increases, thereby limiting the convergence rate when the sys-
tem is far from the equilibrium point. Therefore, the dynamic
boundary-layer function Hs(s) in Eq. (13) is introduced into
the switching terms in Eq. (12), and higher-order power terms
are added to the original lower-order terms. The resulting im-
proved super-twisting control law is given by

up(s) = |k1|s|"/? + ko|s|| Hy(s)
(16)
u;i(s) = [kz + kals|"] Hs(s)

Here, k2 and k4 are the gains of the higher-order power
terms, and ;4 > 1 is the corresponding exponent. The terms
ky|s|'/?H,(s) and ks3H,(s) are lower-order terms, which
mainly improve control accuracy and smoothness near the
origin. ka|s|*H,(s) and k4|s|*H(s) are higher-order power
terms, which strengthen the] control action when the tracking
error is large and accelerate convergence process when the
system is far from the equilibrium point.

3.3. Disturbance Compensation Based on the Improved ESO

To suppress high-frequency chattering during disturbance esti-
mation in the speed loop and simplify the tuning of the non-
linear error-correction function, a Sigmoid smoothing function
is incorporated into the conventional ESO to construct an im-
proved ESO. The sigmoid function is continuous and bounded
and contains only one slope-adjustment parameter, making its
parameter structure simple and easy to tune. The function is
approximately linear near the origin, which reduces the high-
frequency chattering caused by discontinuous switching. For
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large inputs, its output gradually approaches +1, thereby pre-
serving the nonlinear error-correction capability while improv-
ing the smoothness of the observer output. The sigmoid func-
tion is expressed as

2
sigmoid(z) = ——— — 1

= 17
14 ez (7

where a > 0 is the slope-adjustment coefficient. The resulting
Sigmoid-based improved ESO is designed as

€1 =21 —Wnm

(18)

2"1 = bou + 29 — 5161

Z9 = — 9 sigmoid(ey)
where e; is the speed-estimation error; z; is the estimated
speed; zo is the estimate of the lumped disturbance in the speed
loop; and 31 and (35 are the ESO gains.

Using z5 as an estimate of the lumped disturbance f, the final
output of the speed controller is given by

w=0_"*2 (19)
bo

where u is the equivalent control signal generated by the speed
controller and corresponds to the g-axis current reference ¢

e
3.4. Stability Analysis

According to Egs. (10), (11), (16), and (19), the dynamics of
the speed-tracking error s satisfy

5=y — (bou + 22 — Pre1)
bo’u = Ug — 22 (20)

up = Up(s) + us

Eliminating the intermediate variables and rearranging the
resulting expression yields

@n

Define the ESO disturbance-estimation residual e¢ and the
lumped equivalent term d in the speed loop as

{efo:) = 2(t) — f(t)

§ = —up(s) — us + ve + Brex

ds(t) = 'Ug(t) + Blel(t) (22)

Substituting Eq. (22) into Eq. (21) gives the augmented error
system of the speed controller as

{é—u@)1@+@@) 23

p
Us = u;(8)

Combining Eqgs. (8) and (18), the ESO error dynamics are
obtained as

€1 = ey — Bie;

ér = —Baoler) — f

24
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where ¢(e;) = sigmoid(e;). Under the constant lumped-
disturbance condition considered here, f = 0. The following
Lyapunov function is selected, and its derivative along the tra-
jectories of Eq. (24) is given by

L

Wi(ei,er) = 52/0 1 ¢(o) do + 5

cf
(25)
W = —B1Bae1d(er) <0

Because the sigmoid function is continuous, odd, and strictly
monotonically increasing, ¢(e; ) always has the same sign as e; .
Therefore, for any (e, ef) # (0,0), W(ei,er) > W(0,0) =
0, and W (eq, ey) is radially unbounded.

It follows from Eq. (25) that W = 0 if and only if e; = 0.
When e; = 0, Eq. (24) gives é; = ey. For a system trajectory

to remain in the set {1V = 0}, it must satisfy é; = 0, and hence
et = 0. Therefore, the largest invariant set contained in { W =
0} consists only of the origin (e1,er) = (0,0). According
to LaSalle’s invariance principle, the origin of the ESO error
subsystem is globally asymptotically stable; that is, both e; and
ey converge asymptotically to zero.

At the equilibrium operating point corresponding to a con-
stant speed reference and a constant lumped disturbance, vy, =
0. Combining Eq. (22) with the equilibrium conditions e; =
es = 0 of the ESO error subsystem gives ds = 0. The corre-
sponding speed-loop error system is therefore expressed as

{5 = —up(s) — us (26)
s = ui(8)
Consider the Lyapunov function
S 1 9
V(s,us) = [ wi(o)do+ 2Us
0 27)

ui(0) = ksHy(0) + ka|o|* Hy(o)

Since §(s) > 0, Hy(s), up(s), and u;(s) always have the
same sign as s. Consequently, the integral term in Eq. (27) is
strictly positive for any s # 0. In addition, when |s| > dpax,

o "
H,(s)| = > >
= 1750 ol o —

L@

Therefore, the integral term in Eq. (27) tends to infinity as
|s| increases, and V (s, us) is positive definite and radially un-

bounded. Differentiating V' along the trajectories of Eq. (26)
and using Eq. (16) gives

up(s) = |ki|s|? + kals|"| Hy(s)
wi(s) = [ks + ky|s|*] Hy(s) (29)

V= —up(s)ui(s) <0
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It follows from Eq. (29) that V = 0if and only if s = 0.
On the set s = 0, Eq. (26) gives § = —ug. For the system
trajectory to remain in the set {V = 0}, it is necessary that
$ = 0, which implies u; = 0. Hence, the largest invariant
set contained in {V = 0} consists only of the origin. Accord-
ing to LaSalle’s invariance principle, the origin of the system
described by Eq. (26) is globally asymptotically stable, that is,

M (0 =0

(30)
lim u,(t) =0

t—o0

In summary, according to LaSalle’s invariance principle, the
origins of the designed Sigmoid-ESO error subsystem and the
speed-loop error system described by Eq. (26) corresponding
to the improved super-twisting control law are both globally
asymptotically stable.

3.5. Parameter Optimization Based on Improved Particle
Swarm Optimization

As shown in Eq. (16), after introducing higher-order power
terms, the parameters to be tuned in the speed controller are
expanded to k1, ko, ks, and k4. These control gains jointly af-
fect the system’s dynamic response, disturbance recovery, and
control-output smoothness. To reduce the dependence on em-
pirical manual tuning and obtain a better combination of con-
troller parameters, an improved particle swarm optimization al-
gorithm is employed to optimize speed-loop controller param-
eters.
The parameter vector to be optimized is defined as

€r = [kla k25 k37 k4] (31)

Tuning speed-loop parameters needs to account for tracking
accuracy, transient performance, disturbance-rejection capabil-
ity, and control smoothness of the closed-loop system. The
integral of the speed tracking error reflects the accumulated
deviation over the entire response process, while the steady-
state error and overshoot are used to evaluate steady-state ac-
curacy and transient response, respectively. The error over the
load-disturbance interval is introduced to assess the system’s
recovery capability after a disturbance. According to the elec-
tromagnetic torque equation of the PMSM, when i4 = 0, the
electromagnetic torque is mainly determined by the g-axis cur-
rent. Therefore, a g-axis current chattering term is included to
constrain torque fluctuations and improve the smoothness of
the control action. In addition, a parameter penalty term is in-
troduced to prevent the parameters from excessively deviating
from or approaching the search boundaries. Based on these
performance requirements, the composite objective function is
constructed as

J:lee+w2JS+w3Jo+w4Jd+w5Jiq+w6Jp (32)

Here, J. denotes the speed tracking error term, J, the steady-
state error term, .Jy the overshoot penalty term, J; the error term
over the load-disturbance interval, J;, the g-axis current chat-
tering penalty term, and .J,, the parameter-deviation or bound-
ary penalty term. The coefficients w;—wg are the correspond-
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ing weights. To reduce differences in dimensions and numeri-
cal ranges of the performance indices, each term is normalized
using its corresponding reference quantity. The weights are as-
signed with emphasis on steady-state tracking accuracy and pa-
rameter feasibility, while also considering dynamic response,
disturbance recovery, and current smoothness. The weights re-
main unchanged throughout the parameter-tuning process and
are set as follows:

(33)

wy = 1000, ws = 1, we = 1

{w1 = 1000, wy = 3000, ws = 2000
The g-axis current-chattering term and parameter-penalty
term are further defined as
Jig = 5Jim + 120J ¢ + 250J; 34)
Jp = 40Jpq + 3000Jp

where J;,, Jy, and J; denote the current-amplitude term, the
overall current-chattering term, and the current-chattering term
over the load-disturbance interval, respectively; Jp,q and Jp;, de-
note the parameter-deviation and boundary-penalty terms, re-

spectively.
The velocity and position of each particle are updated ac-

cording to

'Ufjil :wt”f,d + ciri (Pf,d - xﬁ,d) +chrh (93 - xﬁ,d)

(35)

t+1_ .t t+1
Tig =Tig+Vq

Here, z! , and v} ; denote the position and velocity, respec-
tively, of particle ¢ in dimension d at iteration ¢; p! , is the per-

sonal best position of particle 7; g/, is the global best position of
the swarm; and 7% and r} are random numbers in the interval
[0, 1].

To improve the distribution uniformity of the initial particles,
a Logistic chaotic map is employed to generate the initial par-
ticle swarm:

ZZZH =4z (1 - ZTd)
(36)
{E?’d =Ls+ ng (Ud — Ld)

Here, Ly and U, denote the lower and upper bounds, respec-
tively, of the parameter in the dth dimension. The inertia weight
and learning factors are adjusted during the iterative process ac-
cording to

wt = Wiy + w 1+ cos(7)]
ch=25-2r
(37)
ch=0.5+2r
t—1
T = —
T-1

Here, T denotes the maximum number of iterations.

IPSO is an improved algorithm developed within the con-
ventional PSO framework. Other intelligent optimization al-
gorithms employ different search mechanisms and parameter
configurations, and their comparative results may also be af-
fected by algorithm structures and parameter settings. There-
fore, conventional PSO is selected as the direct baseline. Both
algorithms use the same objective function, weighting coeffi-
cients, and parameter search ranges. The swarm size and max-
imum number of iterations are set to 20 and 100, respectively,
for both algorithms. The resulting parameter-tuning conver-
gence curves are shown in Fig. 2.

--- PSO——IPSO
160

W
<

[
S

Objective function value J
= =
(=} W

w2

[y
-

£

Iteration number

FIGURE 2. Convergence curves of speed-loop controller parameter tun-
ing using PSO and IPSO.

As shown in Fig. 2, both algorithms gradually reduce the
objective-function value. IPSO exhibits a faster decrease dur-
ing the early iterations and stabilizes after approximately 22
iterations, whereas conventional PSO stabilizes after approx-
imately 41 iterations. Compared with conventional PSO, IPSO
achieves a faster convergence rate and a lower final objective-
function value. These results demonstrate that IPSO can ef-
fectively tune the parameters of the proposed speed-loop con-
troller.

The final structure of the speed-loop controller is shown in
Fig. 3.

4. DESIGN OF THE SENSORLESS CONTROL SYSTEM

To reduce cost and alleviate reliability issues associated with
mechanical position sensors, a sensorless control structure
based on the LESO-IPLL is employed to estimate the rotor
position and speed. First, an LESO is constructed in the
stationary a—f reference frame to estimate the PMSM’s back
electromotive force. Its formulation is given by

€y = Zyl — Uy

R v—aB (39

Zy1 = 2y2 — frey + —uy — I Ly
S

Ly

272 = _6267

where i, and u. denote the current and voltage components,
respectively, along the y-axis (y = «, 8); 241 is the estimated
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FIGURE 3. Structure of the improved ADRC speed controller.

current; z,o is the extended-state estimate; and 3; and (35 are
the observer gains. The back-EMF estimates obtained from the
LESO are expressed as follows:

Ey=—Lsza2
(39)

Eg = _LSZBQ
According to the relationship between the back EMF and ro-
tor position angle, the normalized phase-locked error signal is

constructed as
—Ea cos ée — Eg sin ée

max (1/177(3 + Eg7 Emin)

To further suppress high-frequency chattering in the error
signal, a hyperbolic tangent function is introduced for smooth-

ing:
€s = 6 tanh (%) 41

where ¢ is the normalized PLL error signal, £, the smoothed er-
ror signal, § the smoothing coefficient, and ., a lower bound
used to prevent the back-EMF amplitude from becoming ex-
cessively small at low speeds. The smoothed error signal is
processed by a PI regulator to obtain estimates of the electrical
angular velocity and rotor position:

€= (40)

We = kpes + k; /55 dt
(42)
az/@ﬁ+m

Since the back-EMF observation process introduces a phase
lag, the estimated rotor position angle is compensated. The
compensation angle is given by

0. = 2arctan (we)
wo

where wy is the compensation parameter. The resulting 6. and
w, serve as the estimated rotor electrical position and electrical
angular velocity, respectively, for vector control. The mechan-
ical angular velocity feedback is obtained from

(43)

(44)

The improved IPLL structure is shown in Fig. 4.
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FIGURE 4. Structure of the normalized phase-locked loop.

5. SIMULATION VERIFICATION AND ANALYSIS

To verify the effectiveness of the proposed control strategy,
a sensorless PMSM vector-control simulation model is devel-
oped in MATLAB/Simulink. The overall control structure is
shown in Fig. 5. The dashed box represents the proposed IPSO-
ISTA-ADRC speed controller, in which IPSO is employed to
optimize the parameters k1, ko, k3, and k4 of the ISTA-ADRC
controller. The PMSM parameters used in the simulations are
listed in Table 1.

TABLE 1. PMSM parameters.

Parameter Value
Stator resistance R/ 2.875
d- and g-axis stator inductances Lq, Ly/mH  8.500
Permanent-magnet flux linkage s /Wb 0.175
Moment of inertia J/ (kg - m?) 0.003
Viscous friction coefficient B/(N - m - s) 0.008

Number of pole pairs py, 4

DC-link voltage Uq. /V 311

For comparison, PI, LADRC, STA-ADRC, and IPSO-ISTA-
ADRC are employed in the PMSM sensorless vector-control
system. In the speed loop, the PI controller gains are set to
kp = 0.35 and k; = 14. The LADRC parameters are set to
kp, = 100 and wy = 300. For the STA-ADRC controller, a
fixed boundary-layer smoothing function H (s) is used instead
of the sign function to reduce chattering, and its parameters
are set to k, = 100, wy = 300, 31 = 400, and 3> = 1800.
For the proposed IPSO-ISTA-ADRC controller, k, = 100 and
wo = 400. The speed-control-law parameters k1, ko, k3, and
k4 before and after optimization are listed in Table 2. All other
parameters and simulation conditions are kept identical.

TABLE 2. Comparison of speed-control-law parameters before and af-
ter IPSO optimization.

Parameter k1 ko ks ka

Before optimization 1500 60 600 80

After optimization 2413 63 620 76
Magnitude of change (%) 60.87 5.00 3.33 5.00
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FIGURE 5. Block diagram of PMSM sensorless vector control based on IPSO-ISTA-ADRC.

5.1. Startup Response Analysis

To evaluate the dynamic response performance of different
control strategies during motor startup, the PMSM’s reference
speed is set to 1000 r/min, and a startup simulation is conducted
under no-load conditions. The motor speed response curves are
shown in Fig. 6.

1200 PI-- LADRC - STA-ADRC —IPSO-ISTA-ADRC
1000} | -
—~ 800} T
= : isof /
E 600
= ' 1100
=400 1050
1000 -
200 .
0.04 0.08 0.12
0 1 1 Il Il L
0 0.1 02 03 0.4 0.5 0.6
t/s

FIGURE 6. Motor speed response curves under no-load conditions.

As shown in Fig. 6, during no-load startup, the conven-
tional PI controller provides a fast speed rise but exhibits
a pronounced overshoot. Its peak speed is approximately
1176.8 r/min, corresponding to an overshoot of 17.68%. The
LADRC and STA-ADRC strategies effectively reduce the
startup overshoot, with settling times of 0.081s and 0.052s,
respectively. In comparison, the proposed IPSO-ISTA-ADRC
strategy tracks the reference speed more rapidly during startup,
with a settling time of 0.039s and no noticeable overshoot,
demonstrating good startup response and stability.

5.2. Load Disturbance Response Analysis

To evaluate the disturbance-rejection capability of different
control strategies under abrupt load changes, a load-disturbance
simulation is conducted after the motor reaches steady-state
operation. The reference speed is set to 1000r/min. A load
torque of 10N - mis applied at 0.2 s and removed at 0.4 s, while
all other simulation parameters remain unchanged. The motor
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speed response curves under the different control strategies are
shown in Fig. 7.

As shown in Fig. 7 and Table 3, during both load application
and load removal, the proposed method produces the smallest
speed deviation and the shortest recovery time. Compared with
STA-ADRC, the proposed method reduces the speed deviation
by approximately 50% and shortens the recovery time by ap-
proximately 14.3%, demonstrating good disturbance rejection
capability under load variations.

TABLE 3. Comparison of performance indices under load disturbance.

Control Extreme speed Speed deviation Recovery time
method (r/min) (r/min) (s)
Stage 1: Application ofa 10 N - m load at 0.2's
PI 815 185 0.100
LADRC 863 137 0.074
STA-ADRC 880 120 0.028
IPSO-ISTA-ADRC 940 60 0.024
Stage 2: Removal of the 10 N - m load at 0.4 s
PI 1187 187 0.100
LADRC 1137 137 0.076
STA-ADRC 1121 121 0.028
IPSO-ISTA-ADRC 1059 59 0.024

Under the above load-disturbance condition, the electromag-
netic torque response curves of different control strategies are
shown in Fig. 8. As shown in the figure, all control strategies
exhibit a certain degree of torque fluctuation during load ap-
plication and removal. In comparison, IPSO-ISTA-ADRC pro-
vides a smoother electromagnetic torque response and a faster
recovery following load variation, indicating that the proposed
method improves the PMSM’s electromagnetic operating sta-
bility under load disturbance.

5.3. Speed Response Analysis Under Composite Operating
Conditions

To further evaluate the dynamic tracking and disturbance re-
jection performance of the proposed IPSO-ISTA-ADRC strat-
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FIGURE 7. Motor speed response curves under load disturbance. (a) Speed response during load application at 0.2 s and (b) speed response during

load removal at 0.4 s.
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FIGURE 8. Electromagnetic torque response curves under load disturbance
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FIGURE 9. Motor speed response curves under load disturbance and speed variations. (a) Speed response during the increase from 800 r/min to
1400 r/min at 0.4 s. Speed response during the decrease from 1400 r/min to 400 r/min at 0.6s.

egy under composite operating conditions, a simulation com-
bining a load disturbance and speed variations is conducted.
The simulation time is set to 0.8 s, and the initial reference
speed is 1000 r/min. At 0.2s, a load torque of 10N - m is ap-

plied, while the reference speed is simultaneously reduced from
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1000 1/min to 800r/min. At 0.4s, the reference speed is in-
creased to 1400 r/min, and at 0.6 s, it is reduced to 400 r/min.
The motor speed response curves under different control strate-

gies are shown in Fig. 9.
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TABLE 4. Comparison of dynamic performance indices under speed
variations.

Control method Peak deviation (%)  Settling time (s)

Stage 1: Speed increase from 800 r/min to 1400 r/min at 0.4s

PI 7.99 0.098
LADRC 0 0.073
STA-ADRC 0 0.041
IPSO-ISTA-ADRC 0 0.038

Stage 2: Speed decrease from 1400 r/min to 400 r/min at 0.6 s

PI 40.5 0.107
LADRC 0 0.082
STA-ADRC 0 0.052
IPSO-ISTA-ADRC 0 0.042

As shown in Fig. 9 and Table 4, the proposed method pro-
vides the shortest settling time during both speed increase and
decrease, with no noticeable overshoot during the speed in-
crease. Compared with STA-ADRC, the proposed method
shortens the settling time by approximately 7.3% and 19.2%
during speed increase and decrease, respectively, demonstrat-
ing good dynamic tracking performance.

5.4. Sensorless Estimation Performance Analysis

To verify the effectiveness of the sensorless control scheme
adopted in this paper, the rotor-position and speed-estimation
performance of the PMSM is evaluated through simulation.
The LESO is used to estimate the back electromotive force,
from which the rotor position and speed information is ex-
tracted using the improved phase-locked loop. Fig. 10 com-
pares the actual and estimated rotor positions, while Fig. 11
shows speed-estimation error.

As shown in Figs. 10 and 11, the estimated rotor position
closely tracks the actual rotor position, and the overall speed-
estimation error remains small. During load disturbances and
speed step changes, the estimation error exhibits only brief fluc-
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FIGURE 11. Speed-estimation error.

tuations and rapidly converges to a neighborhood of zero. Un-
der steady-state operation, the speed-estimation error remains
approximately within 0.15 r/min. These results demonstrate
that the LESO-IPLL sensorless structure adopted in this pa-
per provides good rotor-position and speed-estimation perfor-
mance.

6. CONCLUSION

In this paper, a super-twisting active disturbance rejection con-
trol method augmented with higher-order power terms and op-
timized using improved particle swarm optimization is applied
to the PMSM speed loop. Simulation results show that the pro-
posed method reduces speed overshoot and settling time dur-
ing no-load startup, thereby improving the system’s dynamic
response.

Under load disturbance and speed variation conditions, the
proposed method effectively suppresses speed fluctuations
and shortens the system recovery process. Compared with
boundary-layer-based STA-ADRC, the proposed method short-
ens the recovery time under load disturbance by approximately
14.3% and the settling time during the speed decrease by
approximately 19.2%. Meanwhile, the electromagnetic torque
responses under load disturbance show that the proposed
method reduces torque fluctuations caused by load variations
and improves the electromagnetic operational stability of the
PMSM.

The LESO-IPLL sensorless structure enables rotor position
and speed estimation, with the speed-estimation error remain-
ing within approximately +0.15r/min. Simulations under
multiple operating conditions demonstrate that the proposed
method improves the dynamic response of the PMSM and the
stability of sensorless operation. Future work will include ex-
perimental validation on a PMSM platform. Since the LESO-
IPLL relies on back-EMF information, the proposed method is
mainly applicable to medium- and high-speed operation. Fu-
ture work will investigate a composite sensorless method com-
bining auxiliary low-speed position estimation with back-EMF
observation, as well as online adaptive optimization of the con-
troller and observer parameters.
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