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An Improved Model-Free Predictive Current Control

of PMSM Drives Based on a Novel Finite-Time
Extended State Observer

Changliang Dang *““, Yuanlin Wang

Abstract—Due to the independence of motor parameters, the
ultralocal model-based model-free predictive current control
strategy (MFPCC) for permanent magnet synchronous motors
(PMSMs) fundamentally addresses the model mismatch problem
caused by parameter perturbations, making it particularly suitable
for complex electrical applications, such as electric vehicles, robotic
drives, and aerospace actuators. The conventional MFPCC utilizes
a linear extended state observer (LESQO), which achieves only
asymptotic convergence of observation errors. In addition, LESO is
not adequately equipped to handle periodic disturbances caused by
current harmonics due to nonlinear factors. Therefore, this article
proposes a novel finite-time extended state observer (NFTESO)
that combines the complex coefficient filter with an observation
error-based bandwidth tuning scheme to enhance estimation ac-
curacy and improve current harmonic suppression performance.
Meanwhile, the finite-time Lyapunov stability of the NFTESO is
theoretically analyzed. With both aperiodic and periodic distur-
bances observed and compensated, the steady-state and transient
performance of the proposed NFTESO-MFPCC is significantly
enhanced. Furthermore, the closed-loop stability of the control
system is discussed, and the parameter tuning strategy is provided.
Comprehensive experiments on a 1.6-kW PMSM test bench verify
that the proposed NFTESO-MFPCC control scheme can simulta-
neously mitigate both aperiodic and periodic disturbances in the
current loop while preserving the advantages of MFPCC.

Index Terms—Harmonics suppression, model-free predictive
current control (MFPCC), parameter mismatch, ultralocal model.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have
been widely used in fields, such as electric vehicles [1],
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more electrical aircraft [2], railway traction systems [3], and
electric ships [4], due to their advantages of simple structure,
high reliability, high power density, and high torque current
ratio. It can be foreseen that PMSM will play an increasingly
important role in the application scenarios of transportation
electrification. At present, various nonlinear control strategies
have been developed to improve the performance, including
fuzzy control [5], adaptive control [6], active disturbance re-
jection control (ADRC) [7], sliding-mode control [8], model
predictive control (MPC) [9], [10], and so on. Among them,
MPC utilizes a mathematical model to discretize the predicted
value at the next moment and follow that value along the refer-
ence trajectory, which is a hotpot due to its intuitive concept
and excellent dynamic performance [11]. However, the con-
trol performance depends on the precise mathematical model
of PMSM. Unfortunately, in practical applications, parameter
mismatch is inevitable. For instance, the inductance value is
easily influenced by magnetic flux density perturbation, while
the resistance value is affected by temperature. To solve the issue,
there are three common categories of solutions, including the
observer method [12], the parameter identification method [13],
and the model-free method [14], [15], [16].

The first two methods can estimate parameter perturbation to
a certain extent; however, the initial nominal parameters of the
PMSM are still required. To solve this problem fundamentally,
model-free predictive current control (MFPCC) has obtained
widespread attention and is being developed. An enhanced
extended state observer (ESO) was proposed in [14] to identify
the motor inductance and achieve model-free control. A current
prediction model was constructed in [15], which only included
current and voltage errors. In [16], a model-free control method
based on system input and output information was proposed,
avoiding the influence of parameter mismatch and the problem
of update stagnation.

However, the aperiodic disturbance includes motor parameter
perturbations, unmodeled dynamics, and other external
uncertainties. The other is the periodic disturbance, including
magnetic flux and voltage harmonics introduced by the inverter
nonlinearity [17]. The linear extended state observer (LESO)
is often employed in MFPCC to observe the stator current and
the lumped uncertainty. The LESO-MFPCC can eliminate the
effect of aperiodic perturbations, but LESO has a poor ability
to suppress time-varying disturbances. Although increasing the
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bandwidth can improve the anti-interference ability, it also
introduces high-frequency noise, which deteriorates the
performance. More importantly, the estimation error of LESO
can only ensure asymptotic convergence to the origin, and the
robustness to parameter mismatch is not ideal [18]. A high-gain
ESO was constructed to improve compensation accuracy and
dynamic performance in [19]. In [20], an LESO was designed
in the current loop of DPCC. In [21], an enhanced ESO-based
MFPCC method was developed to eliminate the effects of
high-frequency (HF) perturbation.

Furthermore, regarding periodic disturbances, introducing
auxiliary components is currently the mainstream direction of
research. In [22], a generalized integrator-extended state ob-
server (GIESO) was proposed to observe the fast sinusoidal
disturbances in grid-connected converters. In [23], an adap-
tive GIESO was developed to realize a smooth speed control
performance. However, the antidisturbance will be attenuated
when the harmonic frequency shifts. In [7], a composite con-
troller combining quasi-resonant and ADRC was proposed to
reduce the fluctuation. In [24], a quasi-resonant ESO-based
predictive current control method was proposed for a three-
phase rectifier. In [25], an improved GIESO was developed
to promote the accuracy of the observation of back electromo-
tive force for the sensorless control of PMSM drives. In [26],
a decoupling controller based on an adaptive quasi-resonant
ESO is proposed for observing and compensating for periodic
and aperiodic disturbances of the matrix torque component
machine.

Furthermore, the complex coefficient filter (CCF), which can
extract orthogonal signals with selective frequency and selective
phase sequence, is an effective method to improve the harmonics
suppression performance. In [27], the CCF was incorporated
into the ESO to promote the observation accuracy of harmonic
components. In [28], an adaptive CCF was developed to replace
the LPF to extract the fundamental part in the applications of
PMSM sensorless drives. In [29], a multiple CCF was utilized
to extract positive and negative sequence components of the
sixth harmonic current to eliminate the influence caused by dead
time. In [30], a CCF-based improved ADRC with a disturbance-
separation cascaded ESO was developed to estimate positive and
negative sequence disturbances arising from converter nonlin-
earity for LC-filtered current source rectifiers.

This article proposes an improved MFPCC for PMSM drives
to improve harmonic suppression capability, steady and transient
performance, and robustness to parameter variations. The main
contributions are listed as follows.

1) A novel finite-time extended state observer (NFTESO)
is introduced in MFPCC for PMSM drives to suppress
the aperiodic and periodic disturbances simultaneously.
In addition, finite-time stability is theoretically analyzed
based on Lyapunov theory.

2) Compared with the GIESO proposed in [22], the proposed
NFTESO obtains a stronger suppression ability for spe-
cific harmonics and better dynamic performance.

3) Compared with the LESO-MFPCC proposed in [16], the
periodic disturbance caused by inverter nonlinearity is
effectively reduced.
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4) The proposed control scheme retains the advantages of
conventional MFPCC regarding dynamic performance,
and the computation time is less than half of the sampling
period in the experiment.

Table I shows the performance indices among the comparative
observers, and the rest of this article is organized as follows:
Section II presents the system model and analyzes the dis-
turbance. The NFTESO-MFPCC is proposed and discussed in
Section III. The comparative experimental results are presented
in Section IV. Finally, Section V concludes this article.

II. PROBLEM FORMULATION
A. Mathematical Model of PMSM

The research object of this article is the surface-mounted
PMSM, which satisfies Ly = Lq = L. Then, the mathematical
model in dg synchronous rotating coordinate can be described
as

ey

dig _ u

. Ri Wr
-9 __ __ -xsa __ “J
at = T,  Weld — T

dig _ ug _ R, :

gt = L. T Lotdtwelg
I, We

where v, and u, are dg-axis voltages, respectively; R, L,

and 1)y represent the resistance, inductance, and flux linkage,

respectively; w, denotes the electrical angular velocity.

B. Disturbance Analysis

1) Aperiodic disturbance: The parameter mismatches and
unmodeled dynamics will lead to aperiodic disturbances [28],
which can be described as

faap = 75 (~ARgia — AL(% + weig)) + va

[ (—ARsiq — AL (Bt —mpfwe) g

2)
where vg and v, represent the disturbance, including inverter
nonlinearity and unmodeled dynamics. The parameters with
A’ denote the variation values between the nominal values and
actual values, satisfying AR, = Ry — Ry, ALy = Lyg — Ly,
and Aty =1y — 1y, with subscript ‘0’ the nominal values of
PMSM parameters.

For PMSM current control systems, aperiodic disturbances
include parameter variations—such as changes in resistance
and flux linkage due to temperature rise—as well as induc-
tance variations that occur when the stator current enters the
saturation region. These disturbances also encompass complex
high-order dynamics that are often neglected during the mod-
eling process. A key characteristic of aperiodic disturbances
is that their occurrence cannot be accurately predicted, and
they do not follow a fixed periodic pattern. As a result, they
cannot be effectively suppressed using frequency-specific filters
(e.g., notch filters), unlike periodic disturbances such as cogging
torque. In deadbeat-based current control systems, voltage errors
caused by parameter deviations lead to fluctuations in the g-axis
current, which in turn cause torque ripple. If these errors continue
to accumulate, they can further degrade system performance,
resulting in increased acoustic noise, reduced efficiency, and
even a degradation in stability. Therefore, the analysis and
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TABLE I

COMPARISON OF KALMAN FILTER, LESO, GIESO, AND NFTESO
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Criterion Kalman Filter LESO GIESO NFTESO
Convergence Slow; asymptotic Slow; asymptotic Slow; asymptotic Fast; finite time
L High; sensitive to model Medium; poor estimation High at target harmonic High; accurate harmonic
Estimation . . . . S " . .
parameters mismatch and accuracy of time-varying frequencies; limited to tracking with finite-time
Accuracy . ! . .
unmodeled dynamics disturbances finite points enhancement
A . . Good; error-free estimation Excellent; suitable for
. Medium; degrades if Poor; acts as a low-pass . . .
Harmonic and compensation of harmonics with

Suppression

harmonics are excluded
from the model

Poor; relying heavily on

filter suppressing
high-frequency components

Medium; bandwidth-based

Robustness the model accuracy and the design, sensitive to
intensity of disturbances parameter changes
. Excellent; Kalman gain Good; small bandwidth
Anti-noise . - .
provides strong noise suppresses noise but
Performance . .
suppression degrades dynamic response
- Complex; based on Simple; linear system pole
Stability - . .
: stochastic theory and assignment, simple and
Analysis

Computational
Complexity

Riccati equations

Highest; recursive
covariance calculation

mature

Low; linear operations,
highly efficient

specific frequency
harmonic components

Medium; better than LESO,
but performance degrades
with frequency drift

Medium; sensitive to
measurement noise,
requiring trade-off

Medium; via frequency
domain analysis of linear
systems (Nyquist, Bode)

Medium; a linear operation
with multiple resonators

multi-frequency
optimization
Strong; inherits FTESO
robustness and harmonic
interference rejection
Medium; finite-time
convergence may amplify
noise, requiring trade-off
Complex; finite-time proof
via Lyapunov or
homogeneity theory
High; multi-gain design
and finite-time proof

suppression of aperiodic disturbances are of great significance
for achieving high precision, fast dynamic response, and strong
robustness.

2) Periodic disturbance: The periodic disturbance is caused
by inverter nonlinearity and flux harmonics [29]. According
to [31], the voltage harmonics u,, and flux harmonics 1)y, can
be described as

Uhd = D oq Unai SIN(Biwet)
(3

Uhg = D g0 Uhgi COS(Biw,t)

Vihd = Y eq Yhdi cos(6iwet)
Ving = Y iey Vfhgi sin(6iwet)
where ung, Ung, Vyha, and Py, are the amplitudes of the

6ith-order harmonics.
Thus, the periodic disturbances can be summarized as

“

fap = Uhd +wWefna )
fq,p = Upq + Wewth-

Accordingly, when the aperiodic and periodic disturbances are
taken into account, the mathematical model of PMSM can be
rewritten as

dig _ ug _ Rso; ;
dt Lo L:O 14 + Welq + fdfap + fdfp

dig __ uq Rso ; ; Yo
T Lso - Lso Zq — Weld — Lsowe + quap + qup'

(6)

It can be seen from (6) that aperiodic disturbances will inevitably
cause the deviation between the command and the actual cur-
rent, and the inductance perturbation will increase the current
harmonic content in the PMSM drives [32]. Moreover, according
to [31], periodic disturbances can produce fifth and seventh
current harmonics in the stationary coordinate, both of which
are converted to sixth harmonics in the dq rotating frame.

Now, most existing MFPCC and its optimization algorithms
can eliminate the influence of aperiodic disturbances, while
the periodic disturbances are neglected. In fact, in some high-
precision equipment applications, current harmonics caused by
periodic disturbances are also unbearable. Therefore, this article
focuses on improving MFPCC by simultaneously eliminating
the effects of both aperiodic and periodic disturbances.

C. Conventional LESO-MFPCC

According to [33], by using only the input and output signals
of the system, the first-order ultralocal model of a single-input
single-output system can be described as

y=cu+F @)

where u and y are the system input and output, respectively; F’
denotes the total uncertainty, and ¢ is a scaling factor determined
by the designer.

Then, by comparing (7) with (6), the ultralocal model of
PMSM can be described as

% =csuq + Fy

dig
dat

@®)
= e5uq + I,

where ¢, is the gain of the voltage vector. Iy and F, can be
regarded as the lumped uncertainties.

Obviously, (8) does not contain motor parameters, leading to
strong robustness. However, Fy; and I, contain unknown parts,
such as parameter perturbation and unmodeled dynamics, which
are difficult to measure directly. Then, taking the model of g-axis
as an example, a typical LESO is given as

€1q = iq — ’zq
iq = g5Uq + Fq + Bieig ©))

Fq = 5261(1
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where parameters with “”” denote the observed states; 31 and o
represent the observer gains.

Then, by using the first-order Euler method and combining
(8) and (9), the command voltage vector can be obtained as

*(k) = ig—idl;k+l) _ Fdl(sk-&-l)

(10)

(k) = o) Pl

where T’ is the sampling period. It should be noted that to avoid
confusion with the observed values of NFTESO in the following
text, i4; and 4,4 denote the observed current of LESO. Similarly,

Fy and Fql denote the observed uncertainties of LESO.

D. Limitations of LESO

By assuming the derivative of the g-axis total uncertainty
satisfies I, = G, the error dynamics of LESO can be described
as

€1q = e2q — B1€1
. q q q an
€2q = Gq - 52€1q~
Then, (11) can be written in the form of a matrix as
é, = Ae, + BG, (12)

ea A= JLB=D U

When G, = 0is satisfied, that is, if the disturbance is constant
or changes slowly, the error dynamics can be simplified to
é, = Ae,. The characteristic equation is expressed as

where e, = [e14

s2 4 B1s+ B2 = 0. (13)

Therefore, it can be concluded that the error dynamics of LESO
are exponentially stable. In addition, when G, # 0, the error
will converge to 0 asymptotically.

In addition, according to the bandwidth selection strategy
in [17], 81 and (5 can be designed as

2!

Cil(2 =)
where wy is the bandwidth of LESO. Thus, 51 and (3, satisfies

B1 = 2w, P2 =wg. (15)

Then, based on (9), the transfer function between £, and F,, can
be expressed as

Bi wh, i=1,2 (14)

Fo(s wi
Grqls) = A):@+WV

Fy (s)
Moreover, the transfer function of the estimation error can be
expressed as

(16)

Fyls) = Fuls) _
Fy(s)

s(s + 2wp)

(s + wo)2 .
It can be seen from (16) that LESO is a second-order low-pass
system, and the input signal will attenuate in the high-frequency

region. For the aperiodic disturbance, when (3; and (s are
reasonably selected, an accurate and effective estimation can be

Gerg(s) = a7
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achieved. However, if the disturbance contains rapidly chang-
ing components, such as slope signals or periodic perturba-
tions, the performance estimation will deteriorate. In addition,
when the disturbance is a step signal, LESO can accurately
estimate the information of the disturbance signal in the steady
state. However, when the disturbance is a ramp signal with a
slope of k, that is, f(t) = kt (F(s) = k/s?), according to the
final value theorem, the LESO disturbance estimation error for
the slope signal is expressed as

k(s +2wo) 2k

(1‘;1_I>I(l) Gerg(8)F(s) = lim —————5 = —.

18
520 82 4+ 2wps + wg  wo (a8

Therefore, from (18), it can be seen that when the disturbance
is a ramp signal with a slope of k, the steady-state error exists.
Although increasing the bandwidth of LESO can enhance the
perturbation estimation ability, the observed values are more
sensitive to noise, which should be avoided.

Moreover, to observe rapidly changing sinusoidal distur-
bances with relatively low bandwidth, a GIESO was proposed
in [22], which is developed based on the traditional LESO, in-
corporating multiple resonant controllers with different resonant
frequencies into the disturbance estimation loop. The resonant
component can enhance the estimation of high-frequency dis-
turbances at specific frequencies, and the transfer function of
GIESO can be expressed as

ks
s2 + w?

R(s) =

19)

where k,. and w,- denote the resonant gain and selective resonant
frequency, respectively.

From (19), itis evident that GIESO can track rapidly changing
sinusoidal disturbances with relatively low bandwidth. Still, it
performs well only at the resonance frequency w,. [34], [35]. In
practical PMSM applications, errors arise from the discretization
of sampling and control systems, as well as the fact that rotor
speed may not stay completely constant, causing the obtained
frequency to deviate from its true value and leading to a decline
in the observing performance of GIESO.

III. NOVEL FINITE-TIME EXTENDED STATE
OBSERVER-MFPCC

A. Complex Coefficient Filter

An ideal first-order CCF achieves zero phase shift and unit
gain at the selected frequency, while the signals of other fre-
quencies can be attenuated simultaneously. Accordingly, the
frequency selection characteristic of CCF makes it particularly
suitable for extracting specific order harmonic signals from the
original signal.

A CCF in the s-domain can be described as [36]

Gecp(s) = ——=¢ (20)

§ — jwr + we
where w,, w,, and j are the cutoff frequency, selected angular
frequency, and the sign of the complex number, respectively.
According to [27], the frequency-selective characteristics of
CCF make it particularly suitable for extracting specific order
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Fig. 1. Bode diagram of CCF with different parameters. (a) w, variation.
(b) w, variation.

harmonic signals from the original signal. When the input sig-
nal’s fundamental frequency remains constant, CCF’s frequency
selection performance depends on its cutoff frequency w.. How-
ever, when the fundamental frequency of the original signal
changes, the harmonic frequency will also change accordingly.
Thus, to achieve a consistent frequency response at the same or-
der harmonic with different fundamental frequencies, the cutoff
frequency of CCF is designed as

wWe = njwy| (21)
where 7 is defined as the cutoff frequency coefficient.
Thus, the frequency response can be described as
GCCF(jw) = —1—
w/wp— 2
V(w/wr=1)"4n? (22)

ZGccp(jw) = arctan (%) )

It can be seen from (22) that when 7 is constant, the frequency
response performance of CCF depends on the w/w,.. The Bode
diagram of CCFis showninFig. 1. Ascanbe seenin Fig. 1(a), the
designed resonant frequency w, can be extracted by CCF with
unit gain and zero phase shift. Moreover, it can be concluded
from Fig. 1(b) that a good harmonic attenuation performance
can be achieved with a small w.; however, the dynamic per-
formance demands a large w,. Thus, CCF needs to coordinate
the relationship between harmonic attenuation performance and
dynamic response.
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Then, the CCF-based LESO in the d-axis can be designed as
e1d = iq —id
14 = esug + Fa+ Brerd (23)

ﬁd = B2 (1 + Geer(t)) e1q

where Gccr(t) is the time domain expression of Gecr(s).
The transfer function between F; and F; can be derived as

_ Fy(s) _
Fd(S)

where A(s) satisfies

(Bowe 4 B2)s 4 Pawe — jPawy

Grale AG)

(24)

As) = 8% + (b1 + we — jwr)s?

+ (B + (B1 + B2)we — jBrwr) s + Powe — jPowy.
(25)

Thus, the transfer function of the estimation error G pq(s) can
be described as

Fa(s) — Fa(s) _ 9(s)

B S NE

(26)

where €)(s) satisfies
Q(S) =5 + (61 + we — jwr)52 - (.jﬁlwr - /Blwc)3~ 27

The frequency response of G.p4(s) under different parameter
combinations is shown in Fig. 2. As illustrated in Fig. 2(a), when
w,- 1s changing with wy = 400 and 1 = 0.02, a significant am-
plitude attenuation exists at the resonant frequency w,., and zero
phase shift is obtained, indicating that the harmonic disturbance
with a frequency of w, can be accurately estimated by CCF.
Meanwhile, CCF shows similar behavior to LESO in both the
low and high-frequency regions.

Furthermore, the Bode plots with w, and wy changing are
shown in Fig. 2(b) and (c), respectively. Note that as w,. de-
creases, the bandwidth of CCF at the resonant frequency be-
comes narrower, and the frequency selection ability increases;
however, the peak gain remains stable. In addition, as wq de-
creases, the amplitude-frequency curve gradually shifts upward,
indicating an increase in the estimation error of CCF for harmon-
ics. Moreover, the stability of CCF has been analyzed in [27]
and [40], which is omitted here.

From the above analysis, it can be concluded that the cutoff
frequency w,. is a key parameter that determines the selection
range of the filter and its ability to process signals of differ-
ent frequencies. In addition, it is closely related to dynamic
response: the smaller the frequency, the narrower the band-
width of CCF, and the closer its filtering characteristic is to
idealization. However, the dynamic response will decrease. On
the contrary, the larger the CCF, the wider the bandwidth, and
the worse the filtering characteristics, but the dynamic response
can be improved. However, it should be noted that excessively
high cutoff frequency can make the filter extremely sensitive
to measurement noise, which may introduce noise and lead to
deterioration of control performance. Therefore, the tuning of
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w. needs to achieve an optimal balance between disturbance
suppression and noise immunity.

From the above analysis, it can be seen that an excessively
high cutoff frequency w. may not effectively filter out high-
frequency noise. This type of noise will mix into the current
signal, causing an increase in current ripple and deterioration of
the current waveform. However, dynamic response will deterio-
rate with a low cutoff frequency, resulting in delayed response to
load changes and fluctuations in current command signals. In this
article, the cutoff frequency w. is obtained through theoretical
analysis and multiple experiments.

B. Proposed NFTESO

Motivated by [37], the conventional FTESO for MFPCC can
be constructed as

€1 = 1dq — dgq

%dq = EsUgq + qu + Bo1le1|*tsgn(eq) (28)

F = Booler|*sgn(e;)

where (3p; and (32 are the positive gains; the coefficient o; €
(0,1),4 = 1,2 satisfy the recurrent relations a; = iov — (i — 1)
and or; = «, where « belongs to an interval (1 —¢,1), withe a
sufficiently small number.

Then, the error dynamics can be obtained as

62:qu—qu

é; = ey — fBoile|*'sgn(e;) (29)

€y = Ry, — Boz|e1|*?sgn(eq)

where R, represents the derivatives of F'g,.

It is worth noting that, compared with traditional LESO, the
fractional power terms are introduced in the FTESO. When the
estimation error converges close to the origin, the nonlinear term
in (29) can ensure that the estimation error converges from the
neighborhood of the origin to 0 within a finite time, which is
the most significant feature of FTESO that is different from
traditional LESO. However, the traditional FTESO also lacks
the capability of dealing with the periodic disturbances.

Bode diagram of G g4(s) with different parameters. (a) w,. variation. (b) w. variation. (c) wq variation.

By introducing CCF into FTESO, (28) can be rewritten as

e = idq — idq

;:dq = Es5Uqq + qu + 601|edq|alsgn(el) (30)
Faq = Boz (|e1|*2sgn(e1) + Gecr(er))
Then, the error dynamics can be obtained as
é1 = ez — Po1le1|*'sgn(er)
. (€28)
&y = Ry — fozle1]|*?sgn(er) — Bo2Gecr(er).

Since it has been proved that the observation error of CCF
is bounded, by defining G4y = R4 — Bo2Gccr(er), the error
dynamics (31) can be rewritten as

é1 = ez — Poi]e1|**sgn(er)
) (32)
ey = qu — ﬁ02|61|a28gn(61).

Definition 1 (see [38]): Suppose a vector z =

[x1, 2, ..., ] ER™, a
R™ — R has homogeneous degree &k with regard
(p"rwy, priay, ., pran) i f(pTa, PR @, L, pay) =
p*f(x), ¥p>0, where k>min{r;}, i=1,2,....n. A
differential system & = f(x), with continuous function
f(z): R™ — R™, has homogeneous degree k with regard to
(pay, prrag, ..., pray) i f(p"ray, pTag, L. pPTray,) =
pFtrif(x), ¥p > 0, where k > min{r;}, i = 1,2,...,n.
Lemma 1 (see [39]): Consider the system z = f(z(t)),
f(0)=0, z€ U CR"” where f:U — R” is a continuous
function on an open neighborhood U of the origin « = 0. As-
sume the existence of the Lyapunov function V'(z) : Uy — R,
where U; C U C R" is a neighborhood of the origin, and

continuous  function f(z) :
to

V(z,t) < —cV7(x,t) V(x)e U1\{0} (33)

where ¢ > 0, 0 <~ < 1. Then, the origin of the system is
locally finite-time stable and the convergence time satisfies
T <V (z(to),to)/c(l — ) for any z(to) C Us.

Theorem 1: Consider the dynamics of (32) and assume the
lumped uncertainties and their first-order derivative are bounded,
if the observer is designed as (30) and appropriate observer gains
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Bo1 and Byo, the estimated errors z(t) = [eq (), ea(t)] € R™ will
converge to the origin in a finite time.

Proof: To facilitate the analysis, taking d-axis as an example,
the error dynamics in d-axis can be expressed as

€q1 = eq2 — Po1leqr|*“ sgn(eqr)
(34)

a2 = Ga — Bozlear|**sgn(eqr).

Given (34), if the term G4 is omitted, then the auxiliary system
can be expressed as

éq1 = eq2 — Poileqr|* sgn(eqr)
(35)

g2 = —Pozleqr|*?sgn(eqn).

According to Definition 1, (35) is homogeneous of degree oy —
1 with respect to the weights (1, cr).
Then, the scalar function Vj(a, €) is defined as

Vola,e) =¢' Ps (36)
where ¢ = [€d1%6d2%],7"i =@{—-1la—-(1-2),i=1,2,Q
is a symmetric positive definite matrix and the symmetric posi-
tive matrix P satisfies a Lyapunov equation [37]

ATP+PA=—Q. (37)

Considering that A can be Hurwitz if 3p; and 3oz are reasonably
set, so eq1 and ego are asymptotically stable.

Note that system (35) is a homogeneous vector field of degree
m = a — 1 < 0 with respect to weights 7, = (i — 1) — (i —
2),i=1,2[41].

Considering Vy(a, p"ie) = p"iVy(a, €), Vy is homogeneous
of degree 2r; = 2 with respect to the weights (r1,r2) [42].
Then, due to VO|Gd:O = %%, the degree of VO is defined
as hy, =Ny, +ha =2+ o —1 with respect to the weights
(r1,72). Based on Rayleigh’s inequalities, it yields

)\min(Q) otl

) axrs e
Volgu=o < — Vo 2 = —c V™!
A‘]Yla,)((P) 2

(38)
where Amin(Q) and Apax(P) represent the minimum and
the maximum eigenvalue of () and P, respectively; ¢; =
Amin(Q)/Amax (P)@TY/2 and g1 = (a + 1) /2.

Then, when G4 # 0 is satisfied, one can get

oVp Oe Vo

VolGazo = %abd(t):o - @Gd- (39)

Note that ge‘f; is homogeneous of degree h.,, = Iy, —r2 =
2 — « with respect to the weights (71, r2). Moreover, assume
there exists a positive constant ® satisfying |G4| < ®. Then, the
following inequality can be obtained

avy

2-a
oGy < | T2 |V 2 @
Vo 2
2-a
— k(e ea2)®V, 7 40
= Vg?

where ca = k(a, eq2)P, 62 = (2 — a) /2.
By combining (38) and (40), the following inequation holds:

Vo < —aVo + V5. (41)
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Fig. 3.

Block diagram of the proposed NFTESO.

In view of (41), the following two cases are considered.
1) Case 1: When Vj > 1, the following inequality can be
obtained:

Vo < —e1Vo'' + Vb (42)

According to Lemma 1, Vi will converge to V; = 1 within finite
. . In(1-22V; "1 (5(0)))
time ¢y, with tpq = 012(8171)
2) Case 2: When Vjy < 1, by selecting a parameter ¢ satisfy-
ing 0 < ¢o < 1—ca/cy, (41) can be rewritten as
Vo < —e1Vot' + o Vy?

—c1c9 Vo't — (61(1 — CQ)VOEI_E2 — Co)‘/bez.

(43)

Based on (43), we can obtain that Vi < 0 when Vet e >
ﬁ is satisfied. Vj will converge to

1
Vo < (gtey) 2

According to Lemma 1, the convergence time ¢ o satisfies t po <

1-e
% Then, the Lyapunov function will converge to (44)

within finite ¢y = £ + t . For the error dynamics described as
(34), the estimated errors e4; and ey will converge to bounded
regions in a finite time. This completes the proof. Moreover, the
stability analysis for the g-axis is similar to that for the d-axis,
which is omitted here.

Furthermore, since the peaking phenomenon is usually caused
by the high bandwidth of the observer, an observation error-
based bandwidth tuning scheme is given as follows:

Wo = Wmin,
Wo = Wmax;
where ¢ is the tunable parameter and wp,in and wmpax are the
lower and upper limits of observer bandwidth gain, respectively.

Then, by combining (30) and (45), the proposed NFTESO is
constructed as

(44)

llel| > o 45)
ler]| <o

€] = idq — idq

%dq = E5Udq + qu + Bo1leaq|*sgn(er) (46)

F g = Bhz (ler]*2sgn(er) + Geer(er)) -
where (), = 2wq and 3}, = wi, with wy obtained by (45). The
block diagram of the proposed NFTESO is shown in Fig. 3.
C. NFTESO-MFPCC

By combining (8) and (28), and using the Euler forward
method, the proposed NFTESO for MFPCC can be discretized
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e1(k) = daq(k) = taq (k)
tag(k+ 1) = tag(k) 4+ Tec gy (k — 1)
T, (Fag(k) + B lea (k)| *sgn (€1 (K)))
Faq(k+1) = Faq(k) + T, (Bole1 (k)|*>sgn (ex (k)))
+ T B0 Gecr(er(k)).

(47)
There, when the one-step compensation is implemented, the
reference voltage vector of the proposed NFTESO-MFPCC can
be derived as

" _iy—ta(k+l)  Fy(k+1)
(k) =+ EiTS - dss

(48)

* _ih—ig(k+1)  Fy(k+1)
u (k) = eTs - qas

where iq(k 4 1), ig(k + 1), Fa(k 4+ 1), and E,(k + 1) can be
obtained from (47). Furthermore, considering that the sampling
period T is short, it can be assumed that 77, i;, and w} remain
unchanged in two adjacent sampling periods, e.g., i;;(k + 2) ~
iy(k), i5(k +2) =i, (k), and wi (k + 2) =~ w;(k).

Furthermore, the analysis of closed-loop stability of the con-
trol system is as follows.

By using the Taylor series method, the term |e;(k)|**
sgn(eq(k)) can be expanded. For convenience of analysis, as-
sume that after a finite time, NFTESO has converged, so the
observation error eq(k) is small. Therefore, the higher order
terms of the Taylor expansion can be ignored. Moreover, con-
sidering that the observation error of the CCF is bounded and
the observation gains 3(; and 3, can be adjusted to compensate
for the approximation error, (47) can be approximately written
as

e (k) = iaq(k) — dag (k)
Gag(k + 1) = taq(k) + Tscsugy(k — 1)

+ T, (Fag(h) + Birer (k)
Foyk +1) = Fag(k) + (3 (k)

(49)

where (3, and 5}, denote the observation gains with compen-
sation.

Then, to analyze the impact of parameter mismatch on closed-
loop stability, (1) can be rewritten as

did __ Uuqg

die — w4 Fy

{;‘? » (50)
@ =T e

By combining (48), (49), and (50), and taking the g-axis as an
example, the closed-loop transfer function in the discrete domain
can be derived as follows:

iq(2) — da
75 (2) z(b+cd)

619}
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where the coefficients a, b, ¢, and d can be expressed as

a=(z—1)(z—1+6,Ts) + B, T2
b= Lsz(z —1)* + Lys(z — 1)285, T
¢ = (z—1)B5,Ts + 200,172
d=1/es.

(52)

From (51) and (52), it is seen that once the estimation converges,
the control loop can be represented as a seventh-order system
containing seven poles and five zeros. When e, = 1/ L, the five
poles and zeros cancel each other out, leaving two poles located
at the origin. The corresponding closed-loop transfer function
is iq(2) = 27?0} (2), indicating that the control system realizes
deadbeat response.

In addition, Fig. 4 illustrates the distribution of closed-loop
poles of the motor under various operating conditions as the
observer gains vary. It can be seen from Fig. 4(a) that all
closed-loop poles are positioned on the positive real axis within
the unit circle when the control gain is set to aus = 1/Lg. In
addition, poles are located at the origin for different bandwidths.
This indicates that the control system is stable with zero os-
cillation frequency. Moreover, as the observer bandwidth in-
creases, the poles approach the origin, leading to faster response
times. Therefore, increasing the observer gains appropriately
can enhance the dynamic response when the motor operates at
nominal parameters. In addition, Fig. 4(b) shows the distribu-
tion of closed-loop poles as the observer gains change when
the control gain becomes ¢4 = 0.5/L. It can be seen that all
closed-loop poles are located within the unit circle, so the control
system remains stable. Moreover, as the observer gains increase,
the closed-loop conjugate poles become closer to the origin,
indicating an improvement in the system’s dynamic response
performance. However, the imaginary part of the closed-loop
conjugate pole also increases with the increase of observer gains,
which may lead to an increase in oscillation frequency and
overshoot of the control system, making it more sensitive to
noise and unmodeled dynamics. Therefore, a balance should be
achieved between dynamic response and stability. Furthermore,
as shown in Fig. 4(c), when the control gain is changed to
es = 1.5/ Ly, the distribution of the closed-loop poles changes
with the variation of the observer gains. It can be seen that all
the poles are within the unit circle, indicating that the control
system remains stable. However, as the observer gains increase,
the imaginary part of the closed-loop conjugate poles increases
more significantly, gradually approaching the stability boundary,
which exacerbates the overshoot and oscillation of the control
system.

In addition, the parameter tuning guidance for NFTESO is
as follows: wpin and wyax should be selected to ensure that
the matrix A is Hurwitz stable. In this article, wpi, = 2000,
wWmax = 2500. Moreover, regarding the CCF, as analyzed in
Section II, the resonant frequency w,. is 6 times the motor angular
velocity, i.e., w, = £6w,, and the cutoff frequency coefficient
7 is 0.005. Moreover, to ensure the fairness of the comparison
experiments, the values of control gain ¢, in all the comparison
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Fig. 5. Block diagram of the proposed control scheme.

Fig. 6. Experimental platform. (a) dSPACE DS1202. (b) Power module. (c)
Computer. (d) DC voltage source. (e) Power analyzer. (f) PMSM. (g) Load motor.
(h) Resistance box.

algorithms are the same, i.e. e, = 666.7. The block diagram of
the entire control scheme for PMSM drives is shown in Fig. 5.

Remark 1: The ultralocal model-based MFPCC strategy does
notrely on PMSM parameters. Instead, it uses a highly simplified
and universal input—output model to represent the dynamics
of the system. In this strategy, the lumped uncertainty F'y, is
key, covering changes in internal parameters (such as variations
in inductance and resistance), external load disturbances, and
all unmodeled dynamics. It only needs information on current
and voltage and estimates the value of F'y, online. Therefore,
it achieves immunity to parameter variations, demonstrating
strong robustness.

Remark 2: In the proposed method, variations in inductance
are automatically “absorbed” into the lumped uncertainty term
F ;,. The online estimation algorithm continuously updates F' 4,
in real time, incorporating the effects of inductance changes. In
addition, the controller utilizes the updated F 'y, to determine
the voltage vector in each period, compensating for inductance
perturbations naturally. As a result, MFPCC exhibits strong
robustness to motor parameters. It is not only insensitive to
inductance variations but also resilient to changes in resistance
and magnetic flux linkage. However, the control gain ¢, is a
constant that requires tuning. While it does not directly match
the actual inductance, its value influences stability and dynamic
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Steady-state performance with nominal parameter g under 7t

(d) NFTESO-MFPCC.

response. A rough initial value, such as the reciprocal of the
nominal inductance, can be used, though performance can be
improved through optimization tuning.

IV. EXPERIMENTAL VALIDATION

The experimental platform is constructed as shown in Fig. 6.
The load torque is provided by the load motor connected with

= 2000 r/min. (a) LESO-MFPCC. (b) GIESO-MFPCC. (c) FTESO-MFPCC.

the testing PMSM, and the parameters of the testing PMSM
are shown in Table II. The dSPACE DS1202 real-time system
is selected as the primary control system. The SVPWM with
a 20 kHz switching frequency is utilized to generate the sig-
nals for the converter, which is composed of an Infineon SiC
MOSFETmodule (model FF11MR12W1M1), and the dead time
is 3.12 us. Besides, the sampling frequencies of the speed and
current loops are 2 and 20 kHz, respectively. Moreover, the
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MFPCC. (d) NFTESO-MFPCC with fixed gain. (¢) NFTESO-MFPCC.

bandwidth of the NFTESO-MFPCC is 2.5 kHz, and the LESO-
MFPCC, GIESO-MFPCC, and FTESO-MFPCC are selected as
the comparative methods.

A. Steady-State Performance

Fig. 7 shows the steady-state performance of the comparative
control methods with the nominal parameter ¢, at two different
speeds, N = 1000 r/min and n.f = 2000 r/min. Regarding
LESO-MFPCC, note that the g-axis and d -axis current fluc-
tuations are 0.67 A and 1.07 A, respectively. The harmonic
indices of the comparative control methods in the steady-state
experiment are summarized in Table III. It can be seen that
the fifth (5.40%) and seventh (3.21%) harmonics in 7, are
the main components, consistent with the theoretical analysis,
which proves that LESO-MFPCC is highly sensitive to periodic
disturbances in PMSM drives. Moreover, the g-axis and d -axis
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Fig. 10. Steady-state performance under 2eg with n,r = 1000 r/min.
(a) LESO-MFPCC. (b) AFKF-MFPCC. (¢) NFTESO-MFPCC.

TABLE II
PARAMETERS OF PMSM

Descriptions Parameters Nominal Values
Rated Power P, kW] 1.6
Rated Speed n [rpm] 2000

DC Voltage Uge [V] 150
Number of Pole Pairs Np 2
Resistance R [Q] 0.36
Inductance L, [mH] 1.5

Flux Linkage ¢ [Wb] 0.2

current fluctuations of GIESO-MFPCC and FTESO-MFPCC
are 0.54A and 0.94A, 0.58A and 0.92A, respectively. As a
comparison, as shown in Fig. 7(d) and Table III, the current
fluctuations of g-axis and d -axis of the proposed NFTESO-
MFPCC are 0.41A and 0.45A, respectively. Furthermore, the
fifth and seventh harmonics are 0.22% and 0.13%. Meanwhile,
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TABLE III
COMPARISON OF STEADY-STATE PERFORMANCE UNDER THE NOMINAL
PARAMETER €4

Methods lg5th  ta7th  LaTHD
LESO-MFPCC 540% 321%  6.52%
GIESO-MFPCC 1.76%  1.65%  2.31%
Nyer=1000 rpm
FTESO-MFPCC 394% 2.93%  4.98%
NFTESO-MFPCC  0.22%  0.13% 1.69%
LESO-MFPCC 4.19%  2.15%  4.83%
GIESO-MFPCC 1.49% 1.01%  2.07%
Nye p=2000 rpm
FTESO-MFPCC 2.74%  1.62%  3.28%
NFTESO-MFPCC  0.14% 0.08%  0.84%
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Fig. 11. Steady-state performance under 2eg5 with ner = 2000 r/min.
(a) LESO-MFPCC. (b) AFKF-MFPCC. (c) NFTESO-MFPCC.

the THD index in the stator current of NFTESO-MFPCC is
1.69%, better than that of LESO-MFPCC (6.52%), GIESO-
MFPCC (2.31%), and FTESO-MFPCC (4.98%). Hence, the
steady-state performance with the nominal parameter shows
that the proposed NFTESO-MFPCC control method achieves
the best suppression performance of the periodic disturbance in
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Fig. 12. Steady-state performance under 0.66e5 with ner = 1000 r/min.
(a) LESO-MFPCC. (b) AFKF-MFPCC. (c) NFTESO-MFPCC.

PMSM drives. Furthermore, as can be seen from Fig. 8, when
the reference speed signal is changed to n. = 2000 r/min, the
proposed method still achieves the smallest current fluctuations
and the best THD indices.

B. Dynamic Performance

Fig. 9 demonstrates the results of the current dynamic re-
sponse without a speed controller. In this test, the initial condi-
tion is set to i, = 3A and suddenly changed to i; = 6A at{ =
2 s. Regarding the current fluctuation performance, for LESO-
MFPCC, the current fluctuations of g-axis before and after the
occurrence of the dynamic process are 0.38A and 0.71A, respec-
tively. In addition, from the enlarged waveform in Fig. 9(a), the
current tracking is achieved after 3.9 ms, with an overshoot of
0.42A. From Fig. 9(b), it is seen that with the same observer
gains, the GIESO-MFPCC method has the longest settling time.
Besides, due to the finite-time convergence characteristics and
the nonlinear structure, the overshoot of FTESO is the smallest.
In addition, to demonstrate the effect of the observer gain tuning
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strategy shown in (45), the NFTESO-MFPCC with a fixed-gain
selected as wpax 1S added as a comparative strategy, and the
experimental results are shown in Fig. 9(d). It can be seen that
the introduction of the CCF term increases overshoot. Although
the response time is only 2.3ms, 7, reaches 6.54 A.
Furthermore, as shown in Fig. 9(e), although the response
time of the proposed method is 2.5 ms, the overshoot is 0.29 A.
This indicates that due to the observer gain tuning strategy
shown in (45), excellent overshoot control can be achieved. The
essence of this strategy is to achieve a dynamic balance between
dynamic response and noise suppression through estimation
error feedback: when the estimation error is large, a smaller
gain is selected to prioritize stability and avoid amplifying
noise, which would further deteriorate performance; when the
estimation error is small, a larger gain is chosen to maintain high
observation accuracy and promptly suppress disturbances. In
addition, due to the enhanced suppression capability for periodic
disturbances, the proposed method achieves smaller and more
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Fig. 14. Load step response under 25 with ng,r = 1500 r/min. (a) LESO-
MFPCC. (b) AFKF-MFPCC. (¢) NFTESO-MFPCC.
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Fig. 15.  Load step response under 0.66¢ 5 with nef = 1500 r/min. (a) LESO-
MFPCC. (b) AFKF-MFPCC. (c) NFTESO-MFPCC.

stable g-axis current fluctuation values throughout the transient
process, which are 0.16 and 0.21 A, respectively. Therefore, it
is demonstrated that the proposed NFTESO-MFPCC exhibits a
superior performance in the current dynamic response.
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Fig. 16. Load step response under 25 with ner = 700 r/min. (a) LESO-
MFPCC. (b) AFKF-MFPCC. (¢) NFTESO-MFPCC.

C. Robust to Parameter Mismatch

In this test, the comparative control methods are carried out
under mismatched parameters. Since the control gain €5 is
closely related to the inductance, it is necessary to discuss the
characteristics of the inductance variation. When the inductance
parameters of PMSM are perturbed, they may either increase or
decrease, mainly due to the following reasons.

1) When the current increases, the magnetic flux density
in the motor core increases and gradually enters the
saturation zone. In the saturation region, a large cur-
rent increment is required to generate a small magnetic
flux increment, resulting in a significant decrease in the
equivalent inductance value. As the current increases, the
inductance will decrease due to saturation.

2) At high temperatures, permanent magnets exhibit irre-
versible demagnetization, which corresponds to an in-
crease in the d-axis magnetic reluctance, resulting in a
reduction of the d-axis inductance. The magnitude of this
temperature-induced change in L4 is generally smaller
than the effect of saturation. In contrast, cooling the mag-
net improves magnetic properties, thereby causing a slight
increase in L.

3) Other factors, such as production process deviations and
aging, may cause the inductance variation, and the increase
or decrease is uncertain.

From the above analysis, it can be seen that during the
operation of PMSM, the magnetic saturation caused by the
increase of current is the main reason for the inductance
perturbation. The demagnetization of the permanent magnet
caused by the temperature rise has the second-highest impact
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Fig. 18.  Code execution time of each part of the comparative control methods.

on the inductance perturbation after magnetic saturation. Since
the nominal inductance value of the test PMSM is 1.5 mH (e,
= 666.7), in this test, ¢, = 1333 and €, = 444.4 are designed
to simulate operating conditions under parameter mismatch.
To more clearly demonstrate the robustness to parameter
mismatch of the proposed method, based on the augmented
fading Kalman filter (AFKF) algorithm proposed in [43], AFKF-
MFPCC is established and added along with LESO-MFPCC as
comparative algorithms for parameter mismatch experiments.
Fig. 10 shows the result of steady-state performance under
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TABLE IV
COMPARISON OF STEADY-STATE PERFORMANCE WITH 2¢ ¢

Methods la5th  laTth  %aTHD

LESO-MFPCC 8.38% 3.71% 9.45%

Nye p=1000 rpm AFKF-MFPCC 428%  2.59% 5.28%
NFTESO-MFPCC  0.60%  0.38% 2.04%

LESO-MFPCC 5.65% 2.53% 6.34%

Nye p=2000 rpm AFKF-MFPCC 2.93% 1.10% 3.51%
NFTESO-MFPCC  0.13%  0.08% 1.49%

TABLE V
COMPARISON OF STEADY-STATE PERFORMANCE WITH 0.66¢ ¢

Methods ia5th  taTth  LaTHD

LESO-MFPCC 5.82%  3.03% 6.64%

Ny p=1000 rpm AFKF-MFPCC 2.80% 1.78% 3.59%
NFTESO-MFPCC  0.28%  0.22% 1.76%

LESO-MFPCC 4.44%  221% 5.05%

Nye £=2000 rpm AFKF-MFPCC 1.57%  0.80% 1.86%
NFTESO-MFPCC  0.15% 0.08% 0.86%

mismatched parameter 2¢, with the reference speed set to 7¢
= 1000 r/min. It can be seen that compared to the results under
nominal control gain, the current fluctuations of the two control
schemes have degraded. For LESO-MFPCC, the values of those
are 0.93A and 1.54A, respectively. Moreover, according to the
Fourier analysis result, the fifth and seventh harmonics in 7, are
8.38% and 3.71%, respectively, with a THD index of 9.45%.
For AFKF-MFPCC, the fifth and seventh harmonics in 7, are
4.28% and 2.59%, respectively, with a THD index of 5.28%. In
contrast, as shown in Fig. 10(c), according to the Fourier analysis
result, the fifth and seventh harmonics have been successfully
eliminated by the proposed NFTESO. In addition, when the ref-
erence speed is set to n..r = 2000 r/min, the comparative result is
shown in Fig. 11. Note that the proposed NFTESO-MFPCC still
achieves the best performance. Besides, the harmonic indices are
summarized in Table IV. Furthermore, Figs. 12 and 13 show the
results of steady-state performance with 0.66c¢ under ngs =
1000 r/min and n. = 2000 r/min, respectively. The harmonic
indices are shown in Table V. Thus, it can be concluded that
the proposed NFTESO-MFPCC method achieves an excellent
steady-state performance, even with mismatched control gains,
exhibiting strong robustness against parameter perturbation.

In addition, a comparative experiment of the load step re-
sponse with a mismatched parameter is conducted. In this test,
the initial external load torque 77, is suddenly changed att¢ =3 s.
The results with the reference speed of n.s = 1500 r/min and
the mismatched parameter 2, and 0.66¢, are shown in Figs. 14
and 15, respectively. Note that compared to LESO-MFPCC and
AFKF-MFPCC, the proposed NFTESO-MFPCC achieves the
smallest fluctuations of the g-axis current before and after the
transient process in two types of parameter mismatch conditions.
Moreover, a similar experiment of the load step response with
the mismatched parameters was carried out under the condition
of ngr = 700 r/min, with the results shown in Figs. 16 and
17. Again, it is observed that the proposed NFTESO-MFPCC

9061

still achieves the smallest fluctuations of the g-axis current
throughout the transient process. Therefore, it can be concluded
that under different parameter mismatch scenarios, the proposed
control strategy achieves the best suppression of current fluctu-
ations in both high-speed and low-speed operating conditions.

Remark 3: To fully verify the superiority and repeatability of
the proposed method, a series of rigorous comparative experi-
ments have been carried out, covering the following scenarios.

1) Steady-state performance: Including steady-state opera-
tion at medium and low speeds as well as high speeds.

2) Dynamic response: The g-axis current step response with-
out a speed loop.

3) Parameter sensitivity testing: The performance was exam-
ined under two different parameter mismatches, including
steady state at medium and low speeds, as well as sudden
load changes at medium and low speeds.

Compared with the comparative methods, the proposed algo-
rithm is the only one that maintains the best performance in all
test cases. This consistent superior performance across various
complex scenarios indisputably proves its high repeatability and
engineering practical value.

D. Comparison of Computation Burden

The code computation time of each part of the comparative
control methods is shown in Fig. 18. It can be seen that the
computation time of the proposed method is 19.32 us, which is
the second longest among all comparison algorithms. However,
it is less than half of the sampling period in the experiment.
Therefore, the improvement in performance does not impose a
significant burden on the digital implementation.

V. CONCLUSION

In this article, an enhanced MFPCC based on anovel NFTESO
is proposed to mitigate aperiodic and periodic disturbances in
the current loop while retaining the benefits of MFPCC. The
proposed method significantly improves the ability to suppress
aperiodic disturbances and effectively attenuates time-varying
periodic harmonics simultaneously. In addition, utilizing Lya-
punov theory, the theoretical analysis of finite-time stability for
the proposed NFTESO is conducted. Moreover, the closed-loop
stability of the proposed NFTESO-MFPCC control scheme is
analyzed, and the influence of the inductance perturbation is
discussed. The experimental results demonstrate that, compared
to the existing control schemes, the proposed NFTESO-MFPCC
not only reduces current fluctuations and harmonics but also
ensures an excellent dynamic response and strong robustness,
even under conditions of parameter perturbation. In the future,
the authors will concentrate on further improving the proposed
NFTESO-MFPCC and discussing the applications in more elec-
trical driving scenarios.
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