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Abstract—Under complex operating conditions, permanent
magnet synchronous motor (PMSM) drive systems are subject
to uncertain aperiodic and periodic disturbances, which degrade
speed control performance. To address this issue, this article pro-
poses an enhanced active disturbance rejection control (ADRC)
method. First, the limitations of conventional linear ADRC and its
existing improvements in disturbance rejection are analyzed. Based
on this, an error corrected cascaded extended state observer (EC-
CESO) is proposed. Compared with traditional CESO, EC-CESO
provides greater flexibility in zero placement, which enhances its
ability to suppress aperiodic disturbances while reducing sensitivity
to high-frequency noise. Second, an error-transformed adaptive
radial basis function neural network (ET-ARBFNN) is designed
to compensate for the shortcomings of EC-CESO against peri-
odic harmonics. Unlike internal model principle-based resonant
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control, ET-ARBFNN requires no prior harmonic order informa-
tion while achieving a significantly enhanced dynamic response.
Furthermore, the disturbance rejection performance and stability
of the proposed enhanced ADRC combining EC-CESO and ET-
ARBFNN are analyzed. Finally, the effectiveness and superiority
of the proposed method are experimentally validated on a PMSM
platform.

Index Terms—Active disturbance rejection control (ADRC),
aperiodic and periodic disturbances, cascaded extended state
observer (CESO), permanent magnet synchronous motor (PMSM),
radial basis function neural network (RBFNN).

I. INTRODUCTION

OMPARED to other types of motors, permanent magnet
C synchronous motor (PMSM) stands out due to its simple
structure, high efficiency, high torque density, and excellent
speed regulation performance [1]. Owing to these advantages,
PMSM is extensively employed in advanced servo systems and
other critical industrial applications that demand high dynamic
performance and precise tracking [2], [3]. However, in practical
applications, complex operating conditions introduce significant
uncertainties, making the control system susceptible to various
external and internal disturbances [4]. These disturbances can
be categorized into aperiodic disturbances, such as load torque
variations and motor parameters mismatches [5], and periodic
disturbances, including cogging torque, current sampling errors
[6], inverter nonlinearities [7], and flux linkage harmonics [8],
[9]. These disturbances lead to evident aperiodic and periodic
speed ripples, especially at low motor speeds [10]. Therefore, It
is significantly important to suppress both aperiodic and periodic
disturbances to maintain optimal performance in electric drive
systems.

With the rapid development of control theory, active distur-
bance rejection control (ADRC), as a two-degree-of-freedom
control method, has been extensively studied and applied [11],
[12], [13]. ADRC enhances tracking performance and distur-
bance rejection capability by estimating and compensating for
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the total disturbance using an extended state observer (ESO)
[14]. To overcome complex tuning and stability analysis issues
in early nonlinear ADRC [15], linear ADRC was proposed
in [16]. By placing all ESO poles on the real axis and em-
ploying a bandwidth method, the design of controller gains
and the analysis of system stability are significantly simpli-
fied. However, the inherent coupling between zeros and poles
limits further performance improvement. In [12], the zero-pole
coupling was decoupled by employing a weighted sum of posi-
tion and speed estimation errors as the ESO input. Indepen-
dent zero placement is then utilized to further improve the
disturbance rejection capability of the system. Nevertheless,
this method is less effective in suppressing periodic harmonic
disturbances.

To simultaneously compensate for both aperiodic and periodic
disturbances, various ADRC-based composite control methods
have been proposed in recent years. Wang et al. [10] combined
ADRC with a quasi-resonant controller (QRC) to achieve simul-
taneous suppression of both types of disturbances. Building on
this framework, Cao et al. [17] and Wu et al. [18] introduced
a cascaded ESO (CESO) by increasing the number of ESO
stages, which further improved the estimation performance for
aperiodic disturbances. Meanwhile, the QRC was embedded into
one stage of the ESO to enable concurrent rejection of periodic
harmonic disturbances. In contrast, [19], [20], and [21] proposed
a generalized ESO (GESO) by extending the derivative of ob-
served disturbance as a new observer state, thereby enhancing
the estimation accuracy for aperiodic disturbances. Cui et al.
[22] further cascaded the GESO with an ESO that incorporates a
QRC, achieving improved aperiodic disturbance rejection while
also effectively suppressing periodic disturbances. However,
despite the effectiveness of the QRC in attenuating periodic har-
monics at specific frequencies, it introduces undesirable peaks
near those frequencies, which may lead to system instability. To
address this issue, a modified resonant controller-based distur-
bance observer was proposed in [23]. Compared to QRC-based
observers, the modified resonant controller eliminates these
undesirable peaks, thereby ensuring system stability. In addition,
in [24], an ESO incorporating a notch filter was designed using
a cascading structure, which also avoids the undesirable peaks
of the QRC. Such structures can be regarded as a form of vector
resonant controller (VRC).

However, such internal model principle-based methods gen-
erally rely on the frequency information of periodic distur-
bances [25], which is often difficult to obtain before actual
measurements. On one hand, it is challenging to identify specific
periodic disturbances present during motor operation. On the
other hand, theoretical models of speed fluctuations may deviate
from actual situations. To effectively suppress speed fluctuations
without prior knowledge of disturbance frequencies, an adaptive
resonant controller was proposed in [26], which is capable
of automatically identifying harmonic frequencies. However,
practical systems often contain multiple harmonics. The use of
multiple frequency identification terms not only increases the
complexity and computational burden of the controller, but also
means that the number of required identification terms remains
unknown.
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In recent years, the neural network-based methods have been
increasingly applied in the field of disturbance observation
[271, [28]. Among these, radial basis function neural networks
(RBFNN) have attracted widespread attention due to their simple
structure, fast learning speed, and strong approximation capabil-
ity. Zhao et al. [29] proposed an online training neural network
method for suppressing periodic harmonic disturbances in the
current loop, where rotor position was used as the input to the
network. This method was further extended in [30], broadening
its applicability. However, this method requires a large number of
hidden layer nodes to achieve effective suppression of periodic
harmonic disturbances. As the number of nodes increases, so
does the computational burden, which in turn raises the hard-
ware requirements of the system. Liu et al. [31] and [32] are
an adaptive neural network-based disturbance observer, using
position error and speed error as inputs, respectively. Compared
to previous approaches, this method employs fewer hidden
nodes and improves the disturbance rejection performance of
the controller to some extent. Nevertheless, its ability to suppress
periodic harmonic disturbances is limited.

Based on the above discussion, an ADRC integrated with a
RBFNN is proposed in this article. To enhance the capability
of the observer in suppressing aperiodic disturbances, an error
correction term is introduced into the CESO. Meanwhile, an
RBFNN with an error transformation mechanism is employed
to compensate for the limitation of the observer in rejecting
periodic harmonics, thereby achieving high-performance speed
control. The main contributions of this work are summarized as
follows.

1) By introducing the estimation of the previous-stage ESO
into the subsequent-stage ESO, this article proposes an
error-corrected cascaded ESO (EC-CESO), which decou-
ples the relationship between zeros and poles in the dis-
turbance rejection transfer function of the observer. The
disturbance estimation performance is further enhanced
through appropriate placement of the zero locations.

2) Based on Lyapunov stability theory and by introducing an
error transformation function, an error-transformed adap-
tive RBFNN (ET-ARBFNN) is designed to replace con-
ventional internal-model-principle-based VRC. Leverag-
ing the strong nonlinear approximation capability of
RBFNN, the proposed method not only eliminates the
dependency on known harmonic orders, enabling effective
compensation of disturbances with unknown frequencies,
but also significantly reduces the required number of hid-
den nodes compared to [30].

3) The proposed EC-CESO and ET-ARBFNN work in syn-
ergy, enabling simultaneous suppression of both aperiodic
and periodic disturbances, while substantially improving
the dynamic response of the system.

The rest of this article is organized as follows. In Section II,
the modeling and disturbance analysis of PMSM and design
of conventional ADRC is presented. Section III analyzes the
limitations of existing improved methods. Section IV elaborates
on the design processes of the EC-CESO and ET-ARBFNN,
respectively. Section V conducts a theoretical analysis of the
performance advantages of the proposed method and the system
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stability. Section VI presents the experimental results, which
validate the effectiveness of the proposed method. Finally, Sec-
tion VII concludes this article.

II. MODELING AND DISTURBANCE ANALYSIS OF PMSM AND
DESIGN OF CONVENTIONAL ADRC

A. Mathematical Model of PMSM

The dynamic equation of PMSM can be expressed as [8]

d 1 1
a7

where w,, is the rotor mechanical angular velocity, .J is the mo-
ment of inertia, 77, is the load torque, B is the viscous frictional
coefficient, and 7T is the electromagnetic torque, which can be
expressed as T, = K;i, when utilizing the field-oriented control
strategy (¢4 = 0) [33], where K} is the torque coefficient, and 74
and 7, are the d- and g-axis stator currents, respectively.

(Tt + Bwn,) ey

B. Speed Disturbances Analysis

PMSM drives are subject to various aperiodic and periodic
disturbances, as detailed in Section I. These disturbances signif-
icantly degrade speed regulation performance.

According to (1), the aperiodic disturbance d), in speed can
be expressed as

K - Ky o K

T, B
dup = ——

T g + 7 (ig — if;t) 7 T gWm + dun

@)
where Ko and ifff denote the nominal value of the torque coeffi-
cient and the reference value of the g-axis current, respectively.
(Kt — Ky)i"/.J represents the disturbance caused by plant
parameter mismatch, K, (iq — i%')/J denotes the disturbance
due to current tracking error, 77, /.J and Bw,,/J correspond to
the disturbances introduced by load torque variation and viscous
friction torque, respectively. In addition, d,,, is the unknown
internal and external disturbances [13].

Based on [30], the model of total periodic disturbances in
the speed regulation system can be represented as the sum of
multiple sinusoidal components with varying amplitudes and
harmonic orders, i.e.,

o0

dph = Z [Ay, sin (kpwet + ©n) + Ay sin (kynwet + ©un)]

n=1

3)
where dpy, is the total periodic disturbance, w, is the electrical
angular velocity, and n is a positive integer. k,, and k,,,, represent
the known and unknown harmonic orders, respectively. When
k., = 1,2, it corresponds to the periodic disturbance caused by
current sampling errors; when k,, = 6n, it corresponds to the
periodic disturbance caused by inverter nonlinearity and flux
linkage harmonics, whose amplitude is typically smaller [34].
kyy arises from motor manufacturing imperfections and com-
plex operating conditions [35], making its exact value difficult
to obtain through theoretical modeling. A,,, Ayn, ©n, and Qun

are the corresponding amplitudes and phases, respectively.
Based on the above analysis of aperiodic and periodic distur-
bances in (2) and (3), the dynamic equation of the PMSM, given
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in (1), can be modified as

d .
%wm = bolgef + dap + dph

where by = Ko/ J is the nominal control gain.

“

C. Design of Conventional ADRC

Taking the total disturbance dioa (Where diotal = dap + dpp)
in (4) as an extended state variable, the mechanical dynamics
with the total disturbance can be written in the extended state
equation form as

wm = bOizef + dtotal
. (%)
dtotal =17

where 1 is the first derivative of dq).

The core components of ADRC include an ESO and a linear
state error feedback control law (LSEF) [17]. Based on (5), the
conventional ADRC can be expressed as

Wi = Wy — Wi
A g ref 7 ~
Wm, = bOZq + dlotal + ﬂlwm

dtotal = 62‘;’771

ESO:

LSEF: i} = L

bo

where k), is the gain coefficients of the controller, which is

typically consistent with the bandwidth of the control loop

and wﬁff represents the reference speed, w,, and cimtal are the

estimated values of w,, and di,, respectively. 5, and (3o are

the gain coefficients of the ESO and are determined by the

observer bandwidth w,. According to the pole placement method

presented in [16], these gains can be designed as (5 = 2w,,
ﬂQ = wZ.

Based on (6), the disturbance estimation transfer func-
tion GI"(s), the disturbance estimation error transfer function
G'"(s), and the disturbance rejection transfer function G¥ (s)
can be derived as follows:

[+ by (il = wm) = da]  (6)

T Jl(\lu S wg
Gz (s) = dmmigsg = (s4wo)?
T diotal (5 *dAmm S s> W, S
GV (5) = donl)dua(s) _ £42ugy, ©)
W (s 5242w, s
Giz(s) = goteh = 32

T diowl () (S+Wo)2'(s+kp)

As illustrated by the gray dashed lines in Fig. 1, which
depict the Bode plots of G¥"(s) and G (s) under varying w,,
increasing the bandwidth improves disturbance estimation at the
cost of increased sensitivity to sensor noise [17]. Consequently,
the limited bandwidth of the conventional ADRC restricts its
ability to adequately reject diverse disturbances.

III. IMPROVED DESIGN ANALYSIS OF EXISTING ADRCS FOR
PMSM SPEED CONTROL SYSTEMS
A. Limitation of ADRC With CESO

The CESO enhances disturbance estimation performance by
reconstructing the observer structure through increasing the
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Fig. 1. Bode plots of ESO and CESO under varying w,. (a) G'"(s) and

G4 (s). (b) G (s) and GS2(s).

number of ESO stages in the horizontal direction [17]. Taking
the second-order CESO as an example, its structure is described
as

Wm1 = W — Wm1
CESO1{ @1 = boils" + diogann + B11%m1
Citolall = B12Wm1
Om2 = Wm — Wm2
CESO2{ Gma = boils" + diotat + dioiz + B21Fma2  (8)
CitolalQ = B220m2

where 11, P12, P21, and Pao denote the observer gain coeffi-
cients, which can also be determined using the pole placement
method as 811 = fa1 = 2w,, B2 = Poz = w2. W1 and Wino
represent the estimates of the state w,, obtained from the two
cascaded stages, while cimtan and cfmmlg denote the partial esti-
mates of the lumped disturbance d,, at each stage.

Similarly, based on the CESO structure (8), the disturbance
estimation transfer function G5 (s), the disturbance estimation
error transfer function G¢%(s), and the disturbance rejection
transfer function G5 (s) can be derived as follows:

2w2s? +4wds+wd
(s+wo)?

ca _ (ilolz\ll(s)+dlola12(5) _
GO (S) - dyorar (5) -

ca _ dmml(s)*dAmmll(S)*dAmmlz(S) _
Ge (S) - diorar (5) o
W (s) _ (s2+2w,s)?
dmtul(S) - (5+Wo)4‘(5+kl’)

52 S w 2
((s-::fo)i) - O

di(s)

The use of a cascaded structure increases the order of the
denominator in the disturbance estimation error transfer func-
tion, which improves the capability of the CESO in estimating
low-frequency disturbances. As shown in Fig. 1, compared with
the conventional ESO, the CESO achieves a smaller disturbance
estimation error under the same bandwidth [18]. However, due
to the inherent coupling between the poles and zeros of the
observer, and the fact that parameter tuning is typically based
on pole placement methods, the influence of zeros on observer
performance is often neglected. Consequently, the improvement
in low-frequency performance brought by the increased denom-
inator order is somewhat limited.
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Fig. 2. Bode plots of the disturbance rejection transfer function before and
after embedding the resonant controller. (a) Bode plots of G/} (s) and G (s)
under different values of w,. (b) Bode plots of G (s) and G5%(s) with the
embedded QRC and VRC.

B. Limitation of ADRC With QRC- and VRC-

High gain at specific frequencies enables the resonant con-
troller to effectively track sinusoidal signals. It is embedded
into the LSEF in (6) to suppress multiple periodic harmonic
disturbances [10]. The modified LSEF can be expressed as

o)

where x denotes the harmonic order. When A, (s) = 2k;,wes S,
Glres(s) corresponds to the QRC Gy, c(s). In contrast, when
A (8) = kpris® + kirrS, Gres(s) represents the VRC G e (5).
Here, k, is the resonant gain of QRC, k. and k;,. are the
proportional and integral gains of VQC, respectively, while w,
and wy,; denote the resonant bandwidth and resonant frequency.
Accordingly, the disturbance rejection transfer function G/ (s)
and G$*(s) can be reformulated as

Ay (¢
GTCS(S) = ZH:Lm 52+2w:::1rwfm

sref 1 - ref f (]O)
it = (0 + [k + Gres ()] (W — wm) —

32+2wos
(st+wo)? [s+kp+Gres(s)]
(82 4+2w,5)?
(stwo) X [s+kp+Gres(s)]

fo (s) = wm(z) _
2 iicm]((s)) (1 ])
3%(8) = d!:;l(s)

As shown in Fig. 2, the Bode plots of the disturbance rejec-
tion transfer function after embedding the resonant controller
exhibit significant magnitude attenuation at specific frequencies
whi, thereby suppressing harmonic disturbances within these
frequencies [17]. However, QRC introduces undesirable peaks
near the resonant frequencies, which not only amplify harmonic
disturbance within these bands, but may also lead to system
instability. In contrast, by introducing an additional term k., s>
in the numerator, VRC effectively eliminates these undesirable
peaks, where ki, = ky, - kprie and k.. > 0 [24]. Nevertheless,
both QRC and VRC can only eliminate harmonics with known
frequencies. Moreover, for systems containing multiple harmon-
ics, multiple resonant controllers must be used in parallel, which
increases the computational complexity of the control system.

IV. PROPOSED ADRC SPEED CONTROLLER BASED ON
ET-ARBF AND EC-CESO

A. Design of the EC-CESO

To further enhance the estimation capability of the CESO
for aperiodic disturbances without increasing the order of the
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Win

Structure of the EC-CESO.

Fig. 3.

disturbance estimation function, an EC-CESO is proposed. The
structure is formulated as follows:

€ec

ec A
wm,l = Wm — Wp

EC-CESO1{ @y = it + deo) + n1iss

ec
d apl = = N12Wp

Wity = Wi — Wity + Wy — Wity)

EC-CESO2{ W&ty = boil®! + des) + desy + na@lsy  (12)

dapa = 1220555
where 711, 712, 721, and 792 are the gain coefficients of the
EC-CESO, « is the gain of the error correction term. wi<;
and @’ denote the estimates of w,, obtained from the first
and second cascaded stages, respectively, while degl and dal72
represent the partial estimates of the lumped disturbance d,,, at
the corresponding stages. It should be noted that when o = 0,
the EC-CESO reduces to the conventional CESO. Accordingly,
the block diagram of the EC-CESO is presented in Fig. 3.
Based on (5) and (12), the disturbance estimation transfer
function G&°(s) of the EC-CESO can be derived as

apl( )+dap2( )
dap(s)

(22 +m2) 5% + (1 — ) [(mu1722 + Mi2m21) 5 + M12722]
(2 +mu1s +m2) - [s* + (1 — @) (215 + 22)]

Go'(s) =

13)

From (13), the disturbance estimation error transfer function
G<°(s) of the EC-CESO can be obtained as

dap(s) — deSy (s) — dicy(s)

dap(S)
Y1 - a)nar + ] 8?4+ (1
(82 +m11s +m2) - [s2 + (1

Gt(s) =

- Ol) 21711 — 017722] s

— ) (215 + M22)]

Similarly, the pole placement method is applied to design the
gain coefficients of the EC-CESO. By setting the characteristic
polynomial as (52 + 9115 + 1m12) - [$2 + (1 — @) (17215 + 722)]
= (s + w,)*, the gains can be obtained as 1711 = 2w,, N12 = w2,
No1 = 2w,/ (1 — a),and a2 = w?/(1 — ). Consequently, (13)

Fig. 4.
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Fig. 5. Effect of the error correction term gain « on the bode plot of G¢¢(s)

and G&¢(s). (a) Bode plots of GE€(s) at different o values. (b) Bode plots of
G (s) at different v values.

and (14) can be simplified to

2:—252+4w05+wg wi
G(s) = s (15)
32+4wos+4’f’aw§ s2
ec T-a
Ge (8) = (s+wo)4

Compared with (9), an additional tunable parameter « is
introduced in the zeros of G¢°(s) and G¢°(s), allowing for more
flexibility in shaping the disturbance estimation performance.
Based on (15), the zeros can be expressed, respectively, as

Zo1 = iwo , =2
G5o(s)
Zol2 = é:—g [wao + 730‘(.00} , £ 2
Ze120 =0
Gee(s)d (16)
Ze34 = —2Wo T /105 Wo

The trajectories of the zeros z.3 4 and z,1,2 With respect to
varying values of « are shown in Fig. 4(a) and 4(b), respectively.
Correspondingly, the Bode plots of G¢¢(s) and G&°(s) under dif-
ferent o values are presented in Fig. 5(a) and (b), respectively. As
observed from Figs. 4 and 5, with the bandwidth w, fixed, when
o increases from —oo to 0.8, the zeros z.3 4 depart from —2w,
and move along the real axis toward opposite directions. At
the same time, the magnitude curve of G¢°(s) shifts downward
from left to right. When o = 0.8, the maximum slope in the
low-frequency range reaches 460 dB/dec. Compared with the
conventional CESO, which exhibits a slope of +40 dB/dec, the
proposed EC-CESO demonstrates a lower magnitude response
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at low frequencies, indicating its superior capability in attenuat-
ing low-frequency disturbances. On the other hand, when o« = 2,
the zeros of G¢°(s) become a single pole, and the slope of the
magnitude curve of G¢°(s) becomes —60 dB/dec, implying that
the EC-CESO achieves stronger noise suppression performance
at high frequencies under the same bandwidth. Therefore, to
further balance the performance between low-frequency dis-
turbance rejection and high-frequency noise attenuation, the
following adaptive switching function is introduced:
7

o= 3n(e. - o)

5 5 (17

where e, = w'® — w,), is the speed tracking error, sgn(-) is the
sign function[36], and 0 is the switching threshold, which is
typically set to the amplitude of the steady-state fluctuations of
Wym. When the system is in dynamic state, i.e., |e,| > J, « is
set to 0.8 to achieve stronger disturbance rejection performance.
Conversely, when the system approaches steady state, i.e., |e,| <
d, v switches to 2 to enhance noise suppression performance.

B. LSEF Based on ET-ARBFNN

The structure of the RBFNNSs is illustrated in Fig. 6. It
consists of an input layer & = [x1, 72, ..., 7,7, a hidden layer
h = [h1, ha, ..., hm,]T, and an output layer y. Each neuron in the
hidden layer employs an RBF, and the output layer computes the
weighted sum of the hidden layer outputs, where w; denotes the
weight associated with the 7th RBF neuron. As illustrated in
Fig. 6, an RBF typically takes the form of a bell-shaped curve.
Therefore, geometrically speaking, RBF neural networks work
by combining multiple such bell-shaped curves to reconstruct
a target function. Since each neuron in the hidden layer cor-
responds to one RBF, the number of hidden neurons directly
determines the count of RBFs used in the reconstruction.

It is evident that the approximation capability of a neural
network increases with the number of hidden layer neurons.
However, the practical selection of this number is limited by
the computational resources available on the processor. Without
increasing the number of neurons, reducing the spacing between
them may also improve local approximation accuracy. Never-
theless, dynamically adjusting the centers and widths of each
neuron would significantly increase the computational burden.
To address this limitation, this article proposes an adaptive
RBFNN based on error transformation (ET-ARBFNN). An error
transformation function S(e) is introduced, which satisfies the
following properties:

1) S(e) is a strictly increasing smooth function;
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2) S(e) is an odd function, and lim. (e, ), S(€) =
sgn(ey) - 00
where p is a positive real constant, and ¢ is referred to as the
transformed error. S(¢) is selected as

ﬂ@:iww(;%.

Since S(¢) is strictly monotonically increasing, lete,, = S(¢),
the inverse transformation exists and can be expressed as

(18)

e=5"1e)= %arctan(u%v) (19)
where u is the approximation factor. As shown in Fig. 7, within
the same error range, increasing u encourages more nodes to
participate in the approximation process, which helps improve
approximation performance. However, an excessively large u
may cause overshoot and overfitting [37], affecting system
stability. By using ¢ as the input to the neural network, an
ET-ARBFNN is obtained, whose structure is illustrated in Fig. 8.
In each neuron of the hidden layer, the Gaussian function is
employed and expressed as

2
A (_ns —cj|2>
J 2
207

where 1, b;, and ¢; represent the output, width, and center of
the jth neuron in the hidden layer, respectively. Given that the
network input is bounded within the interval £ € (—p, p), the
centers ¢; can be selected directly from this range. Specifically,
they are uniformly distributed across the input domain based on
the number of hidden neurons m, i.e., evenly spaced from —p to
p. Once the centers c; are determined, the corresponding widths
bj are also fixedas b; = mj% [38], which helps accelerate
the training process and reduce the computational burden.

(20)
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EC-CESO and ET-ARBFNN.

Thus, the harmonic disturbances approximated by the ET-
ARBFNN can be expressed as

2

where w denotes the adaptive weight vector.

The periodic harmonic disturbance dp, in (4) can also be
expressed in the same form as

dpn = wh + ¢ (22)

where w represents the ideal weight vector, and ¢ denotes the
approximation error, which is bounded by a positive constant as
€] < &b

To ensure that W converges to w, the weight adaptive law is
designed as [30]

W= —Te,h — oW (23)
where 7 > 0 denotes the gain coefficient and o is a small positive
constant.

Taking the derivative of the speed tracking error e, = w'f —
wy, and substituting (4) into it, we can obtain

€y =W — boils + dap + dph. (24)
The feedback control law of tracking error is applied as
v = —kpey. (25)

Then, based on (12) and (21), substituting (fap and a?,,h for dg)
and dp,, respectively, and inserting (25) into (24), the improved
LSEF can be expressed as

1
-ref __ - ref
Iy = — |Wy, + kpey

~ T 5
p b —w h—dgy

(26)

Finally, the structure of the proposed PMSM speed control
method combining EC-CESO and ET-ARBFNN is shown in
Fig. 9, where a PI controller is applied in the current loop.
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Fig. 10. Comparison of time-domain responses for three types of observers
and their corresponding controllers under different values of w,, subjected
to various disturbances. The left side shows the comparison among ESO,
CESO[18], and EC-CESO, while the right side compares the corresponding
controllers, where kj, = 10. (a) and (b) for dqp(t) = R - 1(¢). (c) and (d) for
dap(t) = Rt. (e) and (f) for dop(t) = Rt2 /2.

V. PERFORMANCE ANALYSIS

A. Aperiodic Disturbance Estimation Analysis of EC-CESO

To demonstrate the superiority of the proposed EC-CESO
in estimating aperiodic disturbance, this subsection provides a
comparative analysis of ESO, CESO [18], and EC-CESO from
both the time domain and frequency domain perspectives.

When the disturbance d,,(t) is a step signal R-1(t), a
ramp signal Rt, or an acceleration signal Rt?/2, the dynamic
outputs e1 (), e2(t), and e3(t) of ESO, CESO, and EC-CESO,
along with their corresponding ADRC outputs Q4 (), Q2(t),
and Q3(t) can be obtained from (7), (9), and (15), respectively,
as shown in Fig. 10. It can be observed that for a step signal
dup(t) = R - 1(t), all three types of observers and their corre-
sponding controllers exhibit no steady-state error. For the ramp
signal d,,(t) = Rt, both ESO and its corresponding controller
show steady-state errors, whereas the proposed EC-CESO and
CESO, along with their respective controllers, are capable of
converging to zero. For the acceleration signal d,,,(t) = Rt?/2,
only the EC-CESO is able to converge to zero. The steady-state
disturbance estimation errors of the three types of observers are
summarized in Table I. This indicates that the proposed scheme,
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TABLE I
STEADY-STATE ESTIMATION ERRORS FOR DIFFERENT DISTURBANCES

Step signal Ramp signal Acceleration signal
R-1(t) Rt Rt2/2
el (co0) of ESO 0 2R /wo 00
€$(00) of CESO[18] 0 0 4R/w?
e5¢(oc0) of EC-CESO 0 0 0

o

o o
=2 =
3 -30 530
E E —
Z -60 2 -60 l
o0 =
) )
= -90 S 90

270 0
oD )
3180 8 -90
T T
& 90 S-180 w, T
= =
~ w, T A

0 270
10° 10' 10° 10° 10° 10! 10? 10° 10*
Frequency(rad/s) Frequency(rad/s)
(a) (b)
Fig. 1. Bode plots of EC-CESO under varying w,. (a) GE¢(s). (b) GE°(s).

by introducing an error correction term, eliminates the response
error caused by acceleration disturbances, thereby achieving a
higher level of disturbance estimation accuracy and enhancing
disturbance rejection capability.

To further intuitively illustrate the influence of w, on distur-
bance estimation, the same parameters as those in Fig. 1 are
selected. The Bode plots of G¢°(s) and G¢°(s) under different
values of w, are shown in Fig. 11. It can be observed that both
the disturbance estimation error magnitude curve and the noise
suppression magnitude curve of the EC-CESO exhibit a slope of
60 dB/dec. Therefore, it can be concluded that when the same w,,
is adopted, the EC-CESO achieves superior disturbance rejec-
tion performance at low frequencies and better noise suppression
performance at high frequencies compared to the conventional
CESO.

B. Periodic Disturbance Estimation Analysis of ET-ARBFNN

To demonstrate the superiority of ET-ARBFNN in estimating
periodic disturbances, this section presents a theoretical analysis
of its approximation performance. As described in Section IV-B,
the approximation accuracy of the RBF neural network is di-
rectly determined by the number of its nodes and the width
parameter b;. The Gaussian basis function can be approximately
regarded as half a cycle of a sine wave sin(wy,t). Therefore, the
maximum frequency of the periodic harmonic disturbance that
can be approximated almost completely by RBFNN is given by

1 (m-1)V2In2

Cmax = — = 27
Wh—ma 2bj 4p 27

According to the frequency sweep method, as the harmonic
frequency continues to increase, the ET-ARBFNN still main-
tains a certain approximation capability. However, when the
frequency exceeds four times wy,—yax, the approximation per-
formance begins to show some degree of amplitude attenuation.
The frequency sweep simulation result is shown in Fig. 12.
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Fig. 12.  Simulation of ET-ARBFNN approximation capability.
C. Stability and Convergence Analysis

According to (5) and (12), the estimation error of EC-CESO
can be derived as

ec _ jec ~ec
W1 = dapl — MiWpmi

Jee _ Gec _ ~ec
da 1= dap - Yap1 — U — MaWp

P
Wing = 222 — (1 = a)narwsy — annwygy; - (28)
dg;Q = dqp — 321 —(1-a) 3%2

=10 = n2wpgy — (1 — a)n2edn,

Lete; = W&, ea = dzgl/wo, e3 = WS, and ey = dZ;Q/wo,
then (28) can be rewritten as

é=uw,Ae+ iB

(29)
Wo
el -2 1 0 0 0
e -1 0 0 O !
where e = es |’ A= a0 -2 1|’ B = 0
ey -1 0 -1 0 1

Both eigenvalues of A are —1, so A is Hurwitz stable. Then,

there exists a unique positive definite matrix P such that
ATP+PA=-Q (30)

where @ is a positive definite symmetric matrix. Let Q =
diag(1,1,1,1), then P can be obtained as

a—a® _ 11 1 a_1 3 _«a
1 16 2 4~ 8 8 1
1 50-3a®> 37 a 3 5 _ «
P = 2 1 16 4 8 8 14 (31)
a 1 a _ 3 _1 1
48 4~ 8 2 2
3_«a 5_ «a 1 _3
8 1 8 1 2 2

Select the Lyapunov function as V;(e) = eT Pe, and then
Vo = &"Pe + e"Pé = —w,lle|; + 20w, e"PB.  (32)

Since 1 satisfies the Lipschitz condition within its domain,
there exists a constant ¢ such that [J] < (/@55 dgs,[|2 holds,
where ¢ = 1, 2. Thus, the following expression can be derived:

20w 'e"PB < 2w, 'e"PB me dce,

(33)
2

when w, > 1, the following equation is obtained:

-1 || ~ec. jec
Wo mei7dapi

=ty bl + e+ wzed < el
(34
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Substituting (33) and (34) into (32), we can get
Vo = —wollel + 20w, 'e" PB
—wolle]l3 +2¢e"PB le],

<-wollel3 + (ICPBI+1) e}, (35)

It can be observed that Vy < 0 when w, > ||C(PB|} + 1.
Based on Lyapunov stability theory, it can be concluded that
lim; oo % = 0 and limy o cfggn = 0, indicating that the esti-
mation error of the EC-CESO asymptotically approaches zero as
time progresses. Consequently, the proposed observer is stable.

Then, substituting (22) and (26) into (4) yields
—kpe, —w'h — ¢ (36)

where w = w — w. After embedding the ET-ARBFNN, to ver-
ify the feasibility of the proposed control method, the following
Lyapunov function is chosen as

€y =

1 P
V= 56” + — o w (37)
then the derivative of (37) can be deduced as
. 1 .
V =epé, + —w'w. (38)
T

When the neural network is perfectly trained, the optimum
weight vector w is supposed to be constant. Thus, its derivative
can be regarded as zero, i.e., w = 0. Then substituting (23) and
(36) into (38), it can be further expressed as

1

V = —kpe? —e,0"h —e,& — ;ﬁ;%

= —kye? — epf + ZawTw (39)
T

Further, using Young’s inequality +a'b < %aTa + %bTb
[27] can yield

(40)

After substituting (40) into (39), the following expression is
obtained:

. 1 1 T - g 2
V<— (kp - 2) s+ 551? - 7wTw + o w3
<—aV +f 1)

where a = min{2k, — 1,0} and f =
ing to [30], (41) can be solved as

Z|lw||3 + 3£2. Accord-

V(t) < {V(O) — f] e %+ iy (42)
a a

As long as a > 0, V (¢) converges exponentially to f/a. In

other words, the speed tracking error and the disturbance obser-

vation error asymptotically converge to a small neighborhood
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L .Lh

Frequency converter

Fig. 13.  Experimental hardware platform.
TABLE 11
PARAMETERS OF PMSM DRIVES

Parameters Value Parameters Value
Stator inductance Lg 0.65mH DC-bus voltage ugq. 400V
Stator resistance Rg 0.12Q2 Rated voltage un,, 220V
Rotor flux linkage ¢y 0.1754Wb Rated torque 77, 20N-m
Total Inertia J 0.028kg~m2 Pole pairs pp, 4

around zero. Therefore, it can be concluded that the proposed
speed control system remains stable.

VI. EXPERIMENTAL VERIFICATION

The experiments are performed using the TMS320C28346
DSP-based digital control system. The rotation speed and rotor
position are measured by an incremental photoelectric encoder
with a resolution of 2500. The load motor is connected to the
tested PMSM through plum coupling, and the load is controlled
by a frequency converter. The dc bus voltage is powered by
a programmable dc power source and set to 400 V. Both the
inverter switching and sampling frequency are set to 10kHz. The
picture of the experimental platform is presented in Fig. 13, and
the specifications of the tested PMSM are detailed in Table II.

To comprehensively evaluate the effectiveness of the proposed
method, its performance in suppressing both aperiodic and pe-
riodic disturbances is compared. The conventional ESO-ADRC
and the CESO-ADRC from [18] are selected as benchmark
methods to verify the effectiveness of the proposed EC-CESO
in aperiodic disturbance rejection. Furthermore, since the VRC
derived from [24] further addresses the shortcomings of QRC
and demonstrates excellent performance in suppressing peri-
odic disturbances with known frequencies, it is selected in this
article as a comparative method to evaluate the effectiveness
of the proposed ET-RBFNN in periodic disturbance suppres-
sion. To ensure a fair comparison, all methods share the same
common parameters, while the unique parameters are tuned
to their respective near-optimal values individually. According
to [34], the resonant frequencies of the VRC are chosen as
wp1 = we and wpo = 2w,, While the other parameters are set to
We1,2 = 2%wh1,2, k;anQ = ].O, and ]CpiLQ = ]'OkPT’LQ [24] The
controller gain £, is set to 10, and the observer bandwidth w,
is determined using the positive bandwidth allocation method
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Fig. 15.  Experimental results of speed, dg-axis currents, phase-a current, and FFT analysis of steady-state speed at 100 r/min under sudden load disturbance of

6 N - m using three different control methods. (a) ESO-ADRC. (b) CESO-ADRC. (c) EC-CESO-ADRC.

from [16] as 50 rad/s (five times the value of k,). While
the switching threshold § of the proposed EC-CESO is set to
0.5, and the parameters of the proposed ET-ARBFNN are set
tou=2,7=150, 0 =107 m =11, p= 0.5, b; = 0.085,
¢; = [—0.5:0.1: 0.5]. According to the findings in [10], speed
harmonics are more prominent during low-speed operation.
Therefore, the reference speed is set to 100 r/min to better
highlight the disturbance rejection capability of the proposed
method under such operating conditions.

A. Disturbance Suppression Performance Experiment

To evaluate the disturbance rejection performance of the three
observers, Figs. 14 and 15 present the system responses under
sudden load disturbance of 3 and 6 N - m, including the speed,
dg-axis currents, and phase-a current waveforms obtained using
different observers.

As shown in Fig. 14(b), with the CESO-ADR method, the
steady-state speed fluctuation is 4.67 r/min. When a 3 N - m

Speed drop Speed drop
30 —{}— Steady-state fluctuation 45 —{1— Steady-state fluctuation
—A— Speed THD —A— Speed THD
25 —O— Speed setting time 35 —O— Speed setting time
20 25
. 77r/mi 4.80r/mi i
5.0 P4.56r/min 4.67r/min 444r/min - 45 7:7:‘ i )r/min A.Dél/mm
- b—-8Gn B 0/, o, %
as 2.2{)% 219% 2.19% s I.Sf,u 1.9A0/u 1 81/«;
0.467: 0.292:
0'3}).3595 0.234s 0.194s 0'3} e o 0.203s
0 0
ESO CESO EC-CESO ESO CESO EC-CESO
(a) (b)
Fig. 16.  Performance comparison of ESO, CESO, and EC-CESO at 100 r/min

under 3 and 6 N - m loads. (a) 3 N - m load. (b) 6 N - m load.

load is suddenly applied, the speed drops instantaneously by
21.33 r/min, and the system takes approximately 0.234 s to
return to steady state. Compared to the traditional ESO-ADRC
method in Fig. 14(a), where the instantaneous speed drop is
28.62 r/min and the setting time is 0.359 s, the CESO-ADRC
reduces the speed drop by 25.5% and shortens the setting time
by 34.8%. However, no significant improvement is observed
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Fig. 17. Experimental results of speed, dg-axis currents, phase-a current, and FFT analysis of steady-state speed at 3 N - m load under variable speed.
(a) EC-CESO-ADRC. (b) EC-CESO & VRC-ADRC. (c) EC-CESO & ET-ARBFNN-ADRC.
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in the steady-state fluctuation. Fig. 14(c) shows that with the
proposed EC-CESO-ADRC method, the steady-state fluctuation
isreduced to 4.44 r/min, indicating a slight improvement over the
CESO-ADRC. Under the same 3 N - m load, the instantaneous
speed drop is further reduced to 16.14 r/min, and the setting
time is shortened to 0.194 s. Compared to the conventional
ESO-ADRC, this represents a 43.6% reduction in speed drop
and a 46.0% decrease in setting time.

Similarly, the experimental results under a 6 N - m load
are shown in Fig. 15, where the response trends are generally
consistent with those observed in Fig. 14.

For the sake of comparison, Fig. 16 presents the experimental
results of the ADRC control methods based on three different
observers. It shows that the proposed EC-CESO, by introducing
an error correction term into the CESO framework, not only
reduces the speed drop caused by sudden load disturbance, but
also significantly shortens the setting time, thereby enhancing
the capability of the system to reject aperiodic disturbance. This
result is consistent with the theoretical analysis presented in
Section IV-A. Although the steady-state performance is im-
proved, the steady-state fluctuations are still noticeable, indicat-
ing that further optimization is required to effectively suppress
periodic harmonics.

B. Experimental Results Under Variable Speed

Since the superior performance of EC-CESO in suppressing
aperiodic disturbance has been verified in the previous section,
EC-CESO is uniformly adopted as the aperiodic disturbance
observer in this section, and is compared with EC-CESO & VRC
and the proposed EC-CESO & ET-ARBFNN. As the periodic
disturbance in the speed loop consist of multiple harmonic
components, the characteristics of speed fluctuations vary under
different reference speeds. Therefore, the variable-speed experi-
ment is conducted under 3 N - m load, where the reference speed
is sequentially set to 75, 100, and 125 r/min, with an increment
of 25 r/min each time. The experimental results are shown in
Fig. 17. Based on the FFT analysis during the steady-state speed,
the amplitudes of speed harmonics at different harmonic orders
under different speeds are graphically illustrated in Fig. 18.

Fig. 17(a) illustrates both the steady-state and dynamic per-
formance of EC-CESO-ADRC across various speed stages,
along with the corresponding FFT analysis of the speed. The
controller demonstrates rapid response and effective elimination
of speed tracking errors when the reference speed changes. Nev-
ertheless, notable speed fluctuations persist during steady-state
operation, which is consistent with the conclusion drawn in
the previous section. The FFT results reveal that the dominant
harmonic components are primarily concentrated at the 1st and
2nd harmonics of the fundamental speed frequency. In addition,
several noninteger-order harmonics are observed between the dc
component and the first harmonic.

In comparison, as shown in Fig. 17(b) and 17(c), the integra-
tion of VRC or the proposed ET-ARBFNN method significantly
reduces speed fluctuations across all tested speed stages. For
harmonics with unknown orders (noninteger-order harmonics
serve as an example), VRC achieves almost no suppression
effect, whereas the proposed ET-ARBFNN demonstrates strong
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Fig.20. Experimental results of FFT analysis of the speed under three different

control methods.

capability in attenuating such disturbances. This further high-
lights the superior performance of the proposed method in
rejecting periodic disturbance.

Furthermore, since the neural network suppresses disturbance
through an approximation mechanism, sudden changes in speed
can be treated as external disturbance. As shown in Fig. 17, ET-
ARBFNN not only effectively attenuates harmonic disturbances
under steady-state, but also significantly improves the dynamic
response of the system. Specifically, the setting time is reduced
by approximately 50%. In contrast, the VRC has minimal impact
on the it, and in some cases leads to deterioration.

C. Experimental Results Under Periodic Disturbances of
Specific Frequencies

To further validate the superiority of the ET-RBFNN in sup-
pressing uncertain periodic disturbances, experiments involving
sudden injection of periodic disturbances at different frequencies
were conducted under a 3 N - m load condition. Specifically,
periodic signals with frequencies of 0.5 and 1.5 times the fun-
damental frequency were injected into the dg-axis at 8 and 13 s,
respectively, which manifest as 0.5 th and 1.5 th harmonic distur-
bances in the speed [39]. The experimental results are shown in
Fig. 19, where Aw)gj, and A1)y, are the injected flux harmonic
signals, respectively. For clearer comparison, Fig. 20 presents
a comparative FFT analysis of the speed under three different
control methods. It can be observed that the proposed method
achieves suppression performance comparable to, or even better
than, the VRC in the presence of known-frequency periodic
disturbances. However, when harmonic disturbances of other
orders occur, the VRC, which provides suppression only at the
Ist and 2nd harmonic frequencies, becomes nearly ineffective.
In contrast, due to its independence from prior knowledge of
harmonic orders, the ET-RBFNN enables the system to achieve
excellent suppression performance even under sudden injection
of uncertain periodic harmonic disturbances.

D. Experimental Results Under Variable Load Torque

Fig. 21 shows the comparative results when EC-CESO is
combined with VRC and ET-ARBFNN, respectively, under a
speed of 100 r/min. At 3 s, the load torque steps from O to
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3 N - m, and further increases to 6 N - m at 6 s. We can see that
the introduction of ET-ARBFNN reduces the speed drop from
17.29 r/min and 15.01 r/min to 13.65 r/min and 11.35 r/min,
respectively. In addition, the setting time is shortened from
0.189 s and 0.227 s to 0.132 s and 0.095 s, respectively, which
indicates a significant improvement in the disturbance rejection
performance of the system. In contrast, although VRC provides
slight improvement in speed drop, it does not significantly
reduce the setting time. In some cases, the setting time may
even increase. This is due to the shift in resonant peaks caused
by abrupt changes in speed during the dynamic process, which
weakens the suppression capability of the VRC and, to some
extent, deteriorates the dynamic performance of the system.

Based on the above experimental results, Fig. 22 compares
the performance of the proposed EC-CESO & ET-ARBFNN
method with other control methods at a speed of 100 r/min under
asuddenload of 3 N - m. It can be found that the proposed method
achieves better performance than conventional CESO and VRC
in terms of speed drop, setting time, and steady-state fluctuation.
In addition, it effectively suppresses noninteger harmonics with
unknown frequencies, which demonstrates its superior capabil-
ities in both aperiodic and periodic disturbance rejection.

E. Computational Burden Analysis

To evaluate the computational feasibility of the proposed
methods, Fig. 23 compares the computational burden of different

EC-CESO &
ET-ARBFNN

20 30 40 50 60
Computational time(ys)

Fig. 23.  Comparison of the computational burden of different methods.

control methods. The computation times for ESO, CESO, and
the proposed EC-CESO, mainly used for aperiodic disturbance
rejection, are 0.29 ps, 0.49 us, and 2.13 s, respectively; while
the computation times for VRC and the proposed ET-ARBFNN,
used for periodic disturbance rejection, are 5.51 s and 25.56 s,
respectively. The results show that the computation times of the
proposed EC-CESO and ET-ARBENN are significantly higher
than existing methods, but their total computation time is still
below the sampling period of 100 ps. Therefore, the increase
in computation time can be regarded as a necessary tradeoff
for achieving higher control performance through reasonable
utilization of computational resources.

VII. CONCLUSION

In this article, a PMSM speed control method based on
EC-CESO and ET-ARBFNN is proposed to suppress both ape-
riodic and periodic disturbances in the speed. By introducing an
error correction term, the proposed method breaks the coupling
relationship between zeros and poles in CESO, thereby enhanc-
ing the suppression capability against low-frequency aperiodic
disturbances and reducing sensitivity to high-frequency noise in
steady state. In addition, by introducing an error transformation
function, the ET-ARBFNN enables the RBFNN to effectively
compensate for the shortcomings of the EC-CESO in suppress-
ing periodic harmonic disturbances using only a small number of
hidden layer nodes. Experimental results demonstrate that the
proposed composite control method not only suppresses both
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aperiodic and periodic disturbances simultaneously, including
periodic harmonics with unknown frequencies, but also exhibits
less speed drop, shorter setting time, and improved dynamic
response compared to conventional methods.
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