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Abstract—It is well-known that there is a trade-off
between robustness to disturbances and measurement
noise sensitivity in the active disturbance rejection con-
trol (ADRC) framework based on extended state observer
(ESO). To this end, this article proposes a novel vari-
able structure ADRC (VSADRC) for permanent magnet
synchronous motor (PMSM) speed control to enhance the
disturbance rejection and the noise suppression simul-
taneously. In this technology, a variable structure ESO
(VSESO) with two-stage interconnected observer is pro-
posed to avoid directly employing noise-contaminated
signal, in which the extended disturbance differential is ap-
pended to achieve higher-level disturbance estimation. By
doing this, at low frequencies, the magnitude curve slope is
40 dB/dec for the VSESO and 20 dB/dec for ESO, while at
high frequencies, it is −40 dB/dec for the VSESO and −20
dB/dec for ESO. Furthermore, the stability and output char-
acteristics of the proposed strategy are comprehensively
investigated. It is revealed that the superiority of the studied
scheme in disturbance rejection and noise suppression.
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Finally, the experimental results verify the feasibility and
effectiveness of the proposed VSADRC.

Index Terms—Active disturbance rejection control
(ADRC), disturbance rejection, measurement noise
suppression, permanent magnet synchronous motor
(PMSM).

I. INTRODUCTION

W ITH the developing requirement for decarbonization,
permanent magnet synchronous motor (PMSM) is ex-

tensively employed in industrial fields including wind en-
ergy systems, ship propulsion and electric vehicles [1], [2],
[3]. However, PMSM is subjected to uncertainties, nonlinear-
ities and disturbances, which significantly reduces the control
performance of the servo system [4]. Meanwhile, the conven-
tional proportional-integral strategy is difficult to achieve high-
performance speed control in presence of exogenous distur-
bances and endogenous uncertainties. As a result, numerous
advanced control techniques, such as predictive control [5],
observer-based control [6], and sliding mode control [7] have
been carried out for PMSM speed regulation. Among them,
the active disturbance rejection control (ADRC) approach has
emerged as its robustness against disturbances and it requires
minimum model information.

The original ADRC was first proposed by Han in the 1990s
[8], which is difficult to implement in engineering practice due
to challenges in parameter tuning. To address this, the linear
ADRC and bandwidth parameterization strategy are introduced
by Gao [9]. Extended state observer (ESO) is the essential
component of ADRC strategy which can achieve system state
reconstruction and estimation of total disturbance. In order to
obtain satisfactory and accurate estimation performance, the
ESO usually requires a high-gain form. However, the high gain
causes the ESO to be sensitive to measurement noise with high-
frequency component [10]. As a result, the noise in the ESO
output signal is amplified and is introduced into the closed-loop
system based on ADRC control. This may cause vibration or
even instability of the PMSM system, which should be avoided
[11]. Therefore, there is a trade-off between disturbance re-
jection and measurement noise suppression in the ESO-based
ADRC framework.
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Accordingly, numerous investigations in the literature have
been developed to address this issue. Typically, the solutions
proposed to suppress measurement noise in ADRC can be cate-
gorized into three types. The first is the variable gain techniques,
which encompass employing adaptive mechanisms [12], adopt-
ing nonlinear methods [8], [13], and utilizing intelligent algo-
rithms based on ant colony optimization [14] or deep learning
[15]. The essence of this solution is to adopt a high observer
gain during transient response to achieve satisfactory distur-
bance estimation and a low observer gain during steady-state
response to mitigate the impact of measurement noise [16].
However, the introduction of adaptive and nonlinear functions
complicates theoretical analysis and implementation, and the
intelligent algorithms represented by deep learning increase
the computational burden. Furthermore, the second option is
to introduce additional filters, including integrating filters [17],
low-pass filters [18], and Kalman filters [19], which alleviate the
adverse effect of measurement noise overamplification while
improving disturbance estimation. However, the integrators and
low-pass filters cause phase delays to varying degrees, and the
composite design of the Kalman filters and ESO increases the
complexity of the system.

In addition, a third interesting alternative is to modify the
structural design of the observer. For example, a cascaded ESO
is proposed to suppress measurement noise by dividing the
total disturbance into multiple parts for estimation [20], [21].
Regrettably, the selection guideline of cascade levels is still
an unresolved issue [22]. The hybrid cascade-parallel ESO
proposed in [23] enhances the perturbation rejection capabil-
ity, but it requires adaptive gain to cope with measurement
noise. In [24], a variable form ESO is presented to improve
the robustness of the system. Similarly, a sequential output
stacking ESO-based ADRC scheme is devised to achieve
steady-state error-free estimation and rejection for disturbances
of different orders in [25]. Unfortunately, the aforementioned
two methods lack theoretical analysis and verification of mea-
surement noise immunity, which makes industrial practice
challenging.

It can be noted that the majority of the existing literature
focuses on either disturbance rejection or noise suppression,
while relatively few works addressing their simultaneous at-
tenuation. Thankfully, separating the responses of the refer-
ence, disturbance, and noise is a promising approach [26], [27],
which contributes to quantifying the response characteristics of
each input and further investigating directions for optimization
[28]. Therefore, this article proposes a variable structure ADRC
(VSADRC) based on variable structure ESO (VSESO) to en-
hance disturbance rejection and improve noise suppression si-
multaneously for PMSM speed system. The main contributions
of this article can be listed as follows.

1) The explicit responses in frequency and time domain
based on the ADRC framework are provided to present
the trade-off and limitation of conventional ADRC.

2) A novel two-stage interconnected ESO is developed, and
then it is combined with the feedback control law to
form the proposed VSADRC to simultaneously enhance
disturbance rejection and noise immunity.

3) Sufficient analysis based on response separation indicates
that the VSADRC offers improved noise suppression, dy-
namic, steady-state and robust performance.

The rest of this article is organized as follows. Section II
presents the PMSM mathematical model and the corresponding
conventional ADRC design. Section III exposes the limitation
of ADRC and proposes an improved scheme to deal with the
trade-off of conventional ADRC. In Section IV, the perfor-
mance of the studied VSADRC is comprehensively analyzed.
The experimental results are presented in Section V. Finally,
the conclusion is drawn in Section VI.

II. PMSM DYNAMIC MODEL AND CONVENTIONAL

ADRC STRATEGY

A. Mathematical Dynamic Model of PMSM

It is well known that the mathematical dynamic model of
PMSM system can be presented as

Ω̇(t) =
1
J
Te(t)−

B

J
Ω(t)− 1

J
TL(t) (1)

where Ω(t) is the mechanical angular speed, J denotes the
moment of inertia, B represents the viscous friction torque
coefficient, Te(t) denotes the electromagnetic torque and TL(t)
represents the load torque.

Taking the electromagnetic torque reference T ∗
e (t) as the

control output, then (1) can be reconstructed in the canonical
paradigm as

Ω̇(t) = b0T
∗
e (t) + fd(t) (2)

where b= 1/J and b0 = 1/J0 represent the control gain of the
plant and its nominal value, respectively. Besides, the lumped
disturbance fd(t) can be specifically expressed as

fd(t) = (b− b0)T
∗
e (t) + b(Te(t)− T ∗

e (t))−
B

J
Ω(t)

− 1
J
TL(t) + f0(t) (3)

where (b− b0)T
∗
e (t) denotes the disturbance introduced by

plant mismatch, b (Te(t)− T ∗
e (t)) represents the disturbance

caused by the electromagnetic torque tracking error, BΩ(t)/J
and TL(t)/J are the disturbances introduced by viscous friction
torque and load torque disturbance, respectively. Besides, f0(t)
is the unknown endogenous and exogenous disturbance.

B. Conventional ADRC Method Design

In the ADRC architecture, the lumped disturbance is consid-
ered as a new extended state. According to the motion equation
in (2), the extended state-space model can be constructed as

⎧
⎪⎨

⎪⎩

[
Ω̇(t)

ḟd(t)

]

=

[
0 1
0 0

][
Ω(t)
fd(t)

]

+

[
b0

0

]

T ∗
e (t) +

[
0
1

]

ϕe(t)

Ωm(t) = Ω(t) + ξ(t)

(4)

where ϕe(t) is the first derivative of fd(t) and Ωm(t) denotes
the speed measurement output. Besides, ξ(t) represents the
measurement noise, which is unavoidable owing to the quanti-
zation error in the position measurement.
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Fig. 1. Equivalent structure diagram of the conventional ADRC.

Then, the conventional ESO can be designed on the basis of
(4) as

[
ż1(t)
ż2(t)

]

=

[
−β1 1
−β2 0

][
z1(t)
z2(t)

]

+

[
b0 β1

0 β2

][
T ∗
e (t)

Ωm(t)

]

(5)

where z1(t) and z2(t) are the estimated value of Ω(t) and fd(t),
respectively. In addition, β1 and β2 are the gains of the ESO,
which can be described according to the pole configuration
strategy [9] as

βi =
2!

(2 − i)! i!
ωi
o, i= 1, 2 (6)

where ωo denotes the bandwidth of the ESO.
Afterwards, the variables estimated by the conventional ESO

are employed to construct the linear state error feedback, so the
control law can be obtained as

T ∗
e (t) =

KP (Ω
∗(t)− z1(t))− z2(t)

b0
(7)

where Ω∗(t) is the mechanical angular speed reference and KP

denotes the proportional gain of the controller.

III. PROBLEM FORMULATION AND SCHEME DESIGN

A. Limitation Analysis of Conventional ADRC

In this subsection, the performance of disturbance estimation
and noise suppression in the conventional ADRC framework is
sufficiently analyzed, and the explicit expressions are provided
to illustrate the limitations of conventional ADRC.

The estimated values Z1(s) and Z2(s) of ESO with respect
to the inputs Ω∗(s) and T ∗

e (s) of the observer system based on
(5) can be deduced in the frequency domain as
⎧
⎪⎪⎨

⎪⎪⎩

Z1(s) =
β1s+ β2

s2 + β1s+ β2
Ωm(s) +

b0s

s2 + β1s+ β2
T ∗
e (s)

Z2(s) =
β2s

s2 + β1s+ β2
Ωm(s)− b0β2

s2 + β1s+ β2
T ∗
e (s)

. (8)

According to the architecture in [27] and [28], the conven-
tional ADRC can be equivalent to a two-degree-of-freedom
structure as shown in Fig. 1. Then, combining (7) and (8), the
control law can be derived in the frequency domain as

T ∗
e (s) =

NC(s)

b0MC(s)
Ω∗(s)− GC(s)

b0MC(s)
Ωm(s) (9)

where

NC(s) =KP (s
2 + β1s+ β2),MC(s) = s(s+ β1 +KP )

GC(s) = (β2 + β1KP )s+ β2KP .

Then, substituting (6) into (9), the total output Ωm(s) of the
system can be obtained as

Ωm(s) = ΦC
T (s)Ω

∗(s) + ΦC
F (s)Fd(s) + ΦC

ξ (s)ξ(s) (10)

Fig. 2. Frequency domain responses of the conventional ADRC and
ESO to disturbance and noise under different ωo (rad/s).

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

ΦC
T (s) =

Ωct
m(s)

Ω∗(s)
=

NC(s)

sMC(s) +GC(s)
=

KP

s+KP

ΦC
F (s) =

Ωcf
m (s)

Fd(s)
=

MC(s)

sMC(s) +GC(s)
=

s(s+ 2ωo +KP )

(s+KP )(s+ ωo)
2 .

ΦC
ξ (s) =

Ωcξ
m(s)

ξ(s)
=

sMC(s)

sMC(s) +GC(s)
=

s2(s+ 2ωo +KP )

(s+KP )(s+ ωo)
2

It can be seen that the total output includes the three-term
response of tracking, disturbance and noise. Obviously, distur-
bance and noise are unfavorable factors that affect the system
output to track the reference accurately, which need to be sup-
pressed and eliminated.

In addition, from (8) for the conventional ESO, the transfer
functions from the measurement noise ξ(s) to the estimated
disturbance Z2(s), and from the actual disturbance Fd(s) to the
disturbance estimation error E2(s) can be deduced as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Φco
ξ (s) =

Z2(s)

ξ(s)
=

ω2
os

(s+ ωo)
2

Φco
F (s) =

E2(s)

Fd(s)
=

Z2(s)− Fd(s)

Fd(s)
=−s(s+ 2ωo)

(s+ ωo)
2

. (11)

Selecting the proportional gain KP = 100, the frequency
responses of disturbance and noise for the conventional ADRC
and ESO with different ωo are presented in Fig. 2. In practice,
disturbance signals are often low-frequency components, while
noise signals are usually high-frequency components. It can be
seen that with the ESO bandwidth increases, the disturbance
rejection capability of ADRC and the disturbance estimation
error property of ESO are improved, and the slopes of their mag-
nitude curves are 20 dB/dec at low frequencies. However, the
noise suppression ability of the conventional ADRC and ESO
decreases with the increase of ESO bandwidth, and the slopes
of their magnitude curves are −40 and −20 dB/dec at high
frequencies, respectively. Thus, there is a trade-off between the
low-frequency disturbance rejection and high-frequency noise
suppression.

In order to further illustrate the disturbance rejection perfor-
mance of the conventional ESO and ADRC, Fig. 3 plots their
time-domain responses under different disturbances withK = 1
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Fig. 3. Time domain responses of the ESO and ADRC to different
disturbances with various ωo. The ESO response is on the left and the
ADRC response is on the right. (a) and (b) for fd(t) =K. (c) and (d) for
fd(t) =Kt. (e) and (f) for fd(t) =Ksin(ωht), where ωh = 200 (rad/s).

according to Φco
F (s) and ΦC

F (s). It can be found that in the
time domain, the disturbance estimation error of ESO and the
output disturbance of ADRC can converge to zero only under
step disturbance Fd(s) =K/s, which can also be verified from
the final value theorem as limt→∞e2(t) = lims→0sΦ

co
F (s)Fd(s)

and limt→∞Ωcf
m (t) = lims→0sΦ

C
F (s)Fd(s). Furthermore, there

is an obvious oscillatory response under periodic disturbance
from Fig. 3(e) and 3(f). In addition, it can be found that the
steady-state offset of nonstep disturbances cannot be com-
pletely eliminated by increasing the observer bandwidth greatly,
which is also unrealistic. Therefore, it is necessary to inves-
tigate a novel ADRC structure to alleviate the steady-state
deviation of nonstep disturbances and suppress the measure-
ment noise.

B. Design of the Proposed VSADRC Scheme

In order to enhance the rejection capability to the various
disturbances and improve the suppression performance of mea-
surement noise, a novel VSADRC scheme for PMSM speed
loop is proposed in this subsection.

First, for the accurate real-time estimation of total distur-
bance and effective noise suppression, a VSESO with two-
stage interconnected subsystems is proposed, which is closely
related to the performance of the VSADRC. The corresponding

Fig. 4. Schematic diagram of the VSADRC based on VSESO.

first-stage subsystem VSESO1 is constructed as

[
ż11(t)
ż12(t)

]

=

[
−β11 1
−β12 0

][
z11(t)
z12(t)

]

+

[
b0 β11 0
0 β12 1

]
⎡

⎣
T ∗
e (t)

Ωm(t)
z22(t)

⎤

⎦. (12)

It can be noted that the z22(t) signal from VSESO2 is em-
ployed in the construction of VSESO1. Meanwhile, z12(t) from
VSESO1 is the only input signal to design the second-stage
subsystem VSESO2 that is established as

[
ż21(t)
ż22(t)

]

=

[
−β21 1
−β22 0

][
z21(t)
z22(t)

]

+

[
β21

β22

]

z12(t) (13)

where z12(t) is the pre-estimation of fd(t), and z11(t), z21(t)
and z22(t) are the final estimated values of Ω(t), fd(t), and
ϕe(t), respectively. Besides, β11, β12, β21, and β22 denote the
observer gains, and their reasonable choice can effectively re-
construct various states of the plant.

Similarly, the pole configuration strategy is also adopted to
tune the gain coefficients of the VSESO, which satisfies

β1i = β2i =
2!

(2 − i)! i!
ωi
o, i= 1, 2. (14)

Afterwards, the control law of VSADRC is constructed ac-
cording to the feedback control. The speed tracking error can
be presented as es(t) = Ω∗(t)− Ω(t), then

ės(t) = Ω̇∗(t)− Ω̇(t) = Ω̇∗(t)− b0T
∗
e (t)− fd(t). (15)

From the feedback control, the desired error convergence law
can be written as

ės(t) =−KP es(t). (16)

Then, substituting (16) into (15), and Ω(t) and fd(t) are
replaced by their estimated values z11(t) and z21(t), then the
control law with reference differential feedforward can be im-
plemented as

T ∗
e (t) = b−1

0

[
Ω̇∗(t) +KP (Ω

∗(t)− z11(t))− z21(t)
]
. (17)

Accordingly, with the required states accurately estimated in
real-time, the schematic diagram of the VSADRC based on the
VSESO is depicted in Fig. 4.
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IV. PERFORMANCE ANALYSIS

A. Convergence Analysis of VSESO

According to (4) and (12), the observation error of VSESO1
can be obtained as
{
ė11(t) = ż11(t)− Ω̇(t) = e12(t)− β11e11(t) + β11ξ(t)

ė12(t) = ż12(t)−ḟd(t)=z22(t)−β12e11(t)−ϕe(t)+β12ξ(t).

(18)

Let ηi(t) = e1i
/
ωi−1
o , i= 1, 2, then (18) results in

η̇(t) = ωoAη(t) + (ϕe(t)− z22(t))K/ωo + ωoHξ(t) (19)

where

η(t) =

[
η1(t)
η2(t)

]

,A=

[
−2 1
−1 0

]

,K =

[
0
−1

]

,H =

[
2
1

]

.

Since both the eigenvalues ofA are−1,A demonstrates Hur-
witz stable. Subsequently, a symmetric positive definite matrix
P exists and satisfies that

ATP+PA=−I (20)

where P =

[
(1/2) −(1/2)
−(1/2) (3/2)

]

. Select V (η(t)) = ηT (t)Pη(t)

as a Lyapunov function and taking derivative along (17), we
obtain

V̇ (η(t)) = η̇T (t)Pη(t) + ηT (t)P η̇(t)

=−ωo‖η(t)‖2
+ 2ω−1

o ηT (t)PK(ϕe(t)− z22(t))

+ 2ωoη
T (t)PHξ(t). (21)

Define x(t) = [Ω(t), fd(t)]
T and assume the measurement

noise ξ(t) is bounded, since ϕe(t) and ξ(t) are globally Lips-
chitz in terms of x(t), that is, there exists two constants σ1 and
σ2 such that |ϕe(t)− z22(t)| ≤ σ1 ‖x(t)− z1i(t)‖ and ξ(t)≤
σ2 ‖x(t)− z1i(t)‖ for all x(t), z1i(t), then

2ω−1
o ηT (t)PK |ϕe(t)− z22(t)|
≤ 2σ1ω

−1
o ηT (t)PK ‖x(t)− z1i(t)‖ (22)

2ωoη
T (t)PHξ(t)≤ 2σ2ωoη

T (t)PH ‖x(t)− z1i(t)‖ .
(23)

When ωo ≥ 1, we have ω−1
o ‖x(t)− z1i(t)‖= ω−1

o ‖e1i(t)‖
≤ ‖η(t)‖. Meanwhile, ‖PKσ1‖2 − 2 ‖PKσ1‖+ 1 ≥ 0 and
‖PHσ2ωo‖2 − 2 ‖PHσ2ωo‖+ 1 ≥ 0. Thus, one has

{
2ω−1

o ηT (t)PK |ϕe(t)− z22(t)| ≤ δ1‖η(t)‖2

2ωoη
T (t)PHξ(t)≤ δ2‖η(t)‖2

(24)

with δ1 = ‖PKσ1‖2
+ 1 and δ2 = ‖PHσ2ωo‖2

+ 1. Substi-
tuting (24) into (21), we have

V̇ (η(t))≤−(ωo − (δ1 + δ2))‖η(t)‖2 (25)

that is, V̇ (η(t))< 0 if ωo > (δ1 + δ2) and ωo is positive. Ac-
cordingly, it is obvious that ωo meets the high gain requirement.
Analogously, let e2i(t) = z2i(t)− xi(t) as the observation error

Fig. 5. Nyquist curves of the system with the studied VSADRC scheme.
(a) ωo = 200; (b) KP = 100.

of the VSESO2, the same deduction as (25) can be computed.
Thus, we obtain

lim
t→∞

e1i(t) = 0, lim
t→∞

e2i(t) = 0, i= 1, 2. (26)

Accordingly, it can be noted that asymptotic analysis in the
sense of Lyapunov holds. Hence, the equilibrium of the pro-
posed VSESO is asymptotically stable.

B. Closed-Loop System Stability Analysis

Similar to (9), the VSADRC can also be equivalent to a two-
degree-of-freedom structure. Combining (12), (13), and (17),
the control law can be derived in the frequency domain as

T ∗
e (s) =

NV (s)

b0MV (s)
Ω∗(s)− GV (s)

b0MV (s)
Ωm(s) (27)

where

NV (s) = ((s+ ωo)
4 − ω2

o(s
2 + 2ωos))(s+ ωo)

2(KP + s)

MV (s) = s2(s+ ωo)
2(s2 + 4ωos+KP s+ 5ω2

o + 2KPωo)

GV (s) = ωo(s+ ωo)
2(KP (2s

3 + 5ωos
2 + 2ω2

os+ ω3
o)

+ 2ω2
os

2 + ω3
os).

According to the analogy of Fig. 1, the open-loop transfer
function of the VSADRC-based system can be expressed as

Go(s) =
GV (s)

MV (s)

1
s

=
ωo(KP (2s3 + 5ωos

2 + 2ω2
os+ ω3

o) + 2ω2
os

2 + ω3
os)

s3(s2 + 4ωos+KP s+ 5ω2
o + 2KPωo)

.

(28)

It can be seen from (28) that the stability of the system
is closely related to two parameters, i.e., KP and ωo. Fig. 5
presents the Nyquist curves of the system based on the stud-
ied VSADRC scheme under the two parameters change. From
Fig. 5, the closed-loop system employing the VSADRC is sta-
ble, evidenced by the absence of open-loop poles in the right
half of the s-plane and an equal number of encirclements around
the critical point (−1,0), both clockwise and counterclockwise.
Furthermore, the impact of parameters variation on the system
stability of the proposed scheme is limited. Thus, the whole
closed-loop system based on VSADRC is stable.
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C. Disturbance and Noise Analysis in Frequency
Domain

As the core component of VSADRC, the proposed VSESO
introduces an extended estimation of the disturbance derivative
to promote the disturbance attenuation of the output response.
In addition, VSESO adopts a two-stage interconnection struc-
ture, in which the subsequent stage utilizes the estimation of
the previous stage as reference signal to avoid using the signal
directly polluted by noise, which means that the final estimation
has better noise immunity. The analysis details of disturbance
rejection and noise suppression of VSADRC from frequency
domain are as follows.

Similar to (11), according to (12) and (13), the transfer func-
tions of the VSESO from the measurement noise ξ(s) to the
estimated disturbance Z21(s), and from the actual disturbance
Fd(s) to the disturbance estimation error E12(s) can be derived
as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Φvo
ξ (s) =

Z21(s)

ξ(s)
=

s(2ω3
os+ ω4

o)

(s+ ωo)
4 − ω2

os
2 − 2ω3

os

Φvo
F (s) =

E12(s)

Fd(s)
=− s2(s2 + 4ωos+ 5ω2

o)

(s+ ωo)
4 − ω2

os
2 − 2ω3

os

. (29)

Then, the total output Ωm(s) of the system is similar to the
derivation of (10) and can be expressed as

Ωm(s) = ΦV
T (s)Ω

∗(s) + ΦV
F (s)Fd(s) + ΦV

ξ (s)ξ(s) (30)

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΦV
T (s) =

Ωvt
m(s)

Ω∗(s)
=

NV (s)

sMV (s) +GV (s)
= 1

ΦV
F (s) =

Ωvf
m (s)

Fd(s)
=

s2(s2 + 4ωos+KP s+ 2ω2
o + 2KPωo)

((s+ ωo)4 − ω2
o(s

2 + 2ωos))(KP + s)

ΦV
ξ (s) =

Ωvξ
m (s)

ξ(s)
=

s3(s2 + 4ωos+KP s+ 2ω2
o + 2KPωo)

((s+ ωo)4 − ω2
o(s

2 + 2ωos))(KP + s)

.

Selecting the same parameters as in Fig. 2, the frequency
responses of disturbance and noise for the proposed VSADRC
and VSESO with different ωo are shown in Fig. 6. It can be
noted that the slopes of the magnitude curves of the VSADRC
disturbance rejection and the VSESO disturbance estimation
error are both 40 dB/dec, and the corresponding slopes of noise
suppression magnitude curves are both −40 dB/dec. Compared
with Fig. 2, when the same ωo is employed, the disturbance
rejection performance of VSADRC and VSESO at low fre-
quencies and the noise suppression property at high frequencies
are better than those of the conventional ADRC and ESO. For
example, when ωo is set to 200 rad/s for both VSESO and ESO,
the magnitude of estimation error approximates −40 dB for the
ESO and −80 dB for the VSESO at low frequency 1 rad/s,
and the magnitude of noise suppression approximates 12 dB
for the ESO and −18 dB for the VSESO at high frequency 104

rad/s. Therefore, the proposed VSESO-based VSADRC scheme
is able to achieve stronger disturbance suppression and noise
attenuation simultaneously.

Fig. 6. Frequency domain responses of the proposed VSADRC and
VSESO to disturbance and noise under different ωo (rad/s).

Fig. 7. Time domain responses comparison for two types of observers
and controllers to different disturbances with variousωo.The comparison
of ESO and VSESO is on the left, and the comparison of ADRC and
VSADRC is on the right. (a) and (b) for fd(t) =K. (c) and (d) for fd(t) =
Kt. (e) and (f) for fd(t) =Ksin(ωht), where ωh = 200(rad/s).

D. Disturbance Responses Analysis from Time Domain

The dynamic outputs e2(t) and e12(t) of ESO and VSESO
can be obtained from (11) and (29) respectively, and the dy-
namic outputs Ωcf

m (t) and Ωvf
m (t) of ADRC and VSADRC

can be obtained from (10) and (30) respectively, as presented
in Fig. 7. Meanwhile, the final value expressions of VSESO
on disturbance estimation error and VSADRC on disturbance
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suppression can be established as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

e12(∞) = lim
s→0

− s3(s2 + 4ωos
3 + 5ω2

os
2)

(s+ ωo)
4 − ω2

os
2 − 2ω3

os
Fd(s)

Ωvf
m (∞) = lim

s→0

s3(s2 + 4ωos+KP s+ 2ω2
o + 2KPωo)

((s+ ωo)4 − ω2
o(s

2 + 2ωos))(KP + s)
Fd(s)

.

(31)

From Fig. 7, for step disturbance Fd(s) =K/s, both types
of observer and both types of controller have no steady-state
error. With regard to ramp disturbance Fd(s) =K/s2, there are
steady-state errors in the output dynamic of the conventional
ESO and ADRC, while the responses of the proposed VSESO
and VSADRC can converge to zero, which is also confirmed by
(31). This is because the proposed scheme introduces one more
zero point in the disturbance estimation error and disturbance
suppression transfer function compared with the conventional
ADRC method. In addition, it can be seen from Fig. 7(e) and
(f) that although the proposed method cannot completely elim-
inate the oscillatory response, the magnitudes of the oscillatory
response are significantly reduced compared with the conven-
tional ADRC strategy. By that analogy, the responses of the
proposed VSESO and VSADRC cannot completely converge
to zero when dealing with more complex disturbance, but they
can significantly improve the suppression effect compared with
the conventional ESO and ADRC method.

Evidently, the proposed VSESO-based VSADRC eliminates
the response error of ramp disturbance by introducing the ex-
tended estimation of the disturbance derivative, so that the
proposed scheme can achieve a higher level of disturbance
estimation and suppression accuracy, and thereby achieving the
purpose of enhancing disturbance rejection.

E. Dynamic Performance Under Parameter Mismatch

The control gain is a significant parameter under the ADRC
framework, and its changes affect PMSM system performance.
Thus, it is necessary to investigate the impact of control gain
mismatch on the performance of the proposed scheme.

According to (2), the plant with the control gain mismatch
can be expressed as

sΩ(s) = F
′

d(s) + bT ∗
e (s) (32)

where F
′

d(s) represents the total disturbance excluding model
mismatch. Then, the transfer function from input to output of
the proposed VSADRC can be presented as

ΦV
T (s) =

Ωm(s)

Ω∗(s)
=

NV (s)

sMV (s)rb +GV (s)
(33)

where rb = b0/b. Similarly, the transfer function from input to
output of the conventional ADRC can be derived as

ΦC
T (s) =

KP (s+ ωo)
2

s2(s+ 2ωo +KP )rb + (ω2
o + 2ωoKP )s+ ω2

oKP
.

(34)

Fig. 8 shows the poles and zeros distribution diagram of
the closed-loop system using the conventional ADRC and the
proposed VSADRC method, where the crosses denote poles and

Fig. 8. The pole-zero distribution diagram using ADRC (blue color) and
VSADRC (red color). (a) Incremental rb under rb > 1. (b) Decremental
rb under 0 < rb < 1.

the cycles denote zeros. There are three blue poles (P1, P2, and
P3) from (34) and five red poles (P

′

1 , P
′

2 , P
′

3 , P
′

4 , and P
′

5 ) from
(33), which determine the performance of the corresponding
controller. It can be seen from Fig. 8(a) that when rb > 1, with
rb increasing, the two dominant poles (P1 and P2) of ADRC
and the three dominant poles (P

′

1 , P
′

2 , and P
′

5 ) of VSADRC
gradually approach the imaginary axis, which means that the
recovery time of both controllers increases. When b0 < b, as
shown in Fig. 8(b), with rb decreasing, the pole P3 of ADRC
moves to the right, which causes the recovery time to increase,
and the damping of P1 and P2 decreases, which introduces
the response oscillation. In contrast, the dominant poles P

′

1
and P

′

2 of VSADRC are shifted to the left, which reduces the
recovery time. Furthermore, the dominant poles of VSADRC
move closer to the real axis, which increases damping to reduce
the oscillation.

Authorized licensed use limited to: Arizona State University. Downloaded on May 12,2026 at 02:01:54 UTC from IEEE Xplore.  Restrictions apply. 

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


4488 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 72, NO. 5, MAY 2025

Fig. 9. Structural diagram of PMSM drives with the proposed VSADRC.

In addition, it can be seen that there is a zero point around
each of the four poles P

′

1 − P
′

4 of the proposed method, which
can cancel or weaken the effect of these four poles to enhance
the robustness of the system. However, the distance between
the two poles P1 and P2 of the conventional ADRC and the
zero point is relatively large, and the variations in pole locations
have a greater impact on the closed-system, which makes it less
robust than the proposed VSADRC scheme.

V. EXPERIMENTAL VERIFICATION

To investigate the feasibility and superiority of the pro-
posed VSADRC, the fairness comparison between conventional
ADRC and PI controller is first discussed, and then a series
of experimental verifications are performed. Fig. 9 presents the
whole structure diagram of the proposed VSADRC under the
field-oriented control framework. The studied algorithm is used
in the speed outer loop, and the conventional PI controller is
employed in the current inner loop of PMSM.

A. Comparative Study on Fairness of ADRC and PI

There is no unified standard for fairness experimental com-
parison between conventional ADRC and PI, which has trou-
bled many scholars. In order to compare the fairness of the
experiment in the next subsection, this subsection presents a rig-
orous justification comparison method through the two-degree-
of-freedom structure of ADRC, so that the parameter settings
of ADRC and PI are uniquely corresponding.

According to the two-degree-of-freedom structure
of ADRC in Fig. 1, let H(s) = (NC(s)/GC(s)),
C(s) = (GC(s)/b0MC(s)), then H(s) and C(s) can be
expressed as

⎧
⎪⎪⎨

⎪⎪⎩

H(s) =
NC(s)

GC(s)
=

KP (s
2 + β1s+ β2)

(β2 + β1KP )s+ β2KP

C(s) =
GC(s)

b0MC(s)
=

(β2 + β1KP )s+ β2KP

b0s(s+ β1 +KP )

. (35)

Then, C(s) can be rewritten as

C(s) = CPI(s)FL(s) (36)

where

CPI(s) = kps + kis
1
s
, FL(s) =

β1 +KP

s+ β1 +KP

Fig. 10. PMSM experimental setup.

TABLE I
KEY SPECIFICATIONS OF THE EXPERIMENTAL PMSM

Symbols Parameters Values Units

ψf Rotor flux linkage 0.29 Wb

Ls dq-axis inductance 6.5 mH

Rs Stator resistance 0.675 Ohm

J Inertia 0.0425 Kg·m2

pn Pole pairs 3 −
ΩN Rated speed 1200 rpm

TL Rated torque 6 N·m
UN DC-bus voltage 100 V

IN Rated current 5 A

kps =
β2 + β1KP

b0(β1 +KP )
, kis =

β2KP

b0(β1 +KP )
.

In Fig. 1, the prefilter H(s) has no impact on the feed-
back characteristics [29]. Thus, the conventional ADRC can be
equivalent to a PI controller and a first-order low-pass filter,
and the similar conclusion can be found in [27], [28], and [30].
In addition, it can be from (36) concluded that each set of
ADRC parameters can obtain unique PI parameters, which is
the most popular comparison criterion at present. Moreover,
it can also be verified from (36) that ADRC has a stronger
capability to attenuate overshoot and measurement noise com-
pared to PI controller, and the relevant experimental results are
demonstrated in [31].

B. Experimental Validation

In order to verify the effectiveness of the studied scheme,
the comparative experiments based on the anti-windup PI
controller, the conventional ADRC and the proposed VSADRC
are performed on the PMSM test prototype, as presented in
Fig. 10. Meanwhile, the key specifications of the experimental
PMSM are summarized in Table I. In order to achieve a fair
comparison of the three different strategies, the parameters
of both conventional ADRC and the proposed VSADRC
are set as KP = 30 and ωo = 300 rad/s, i.e., β1 = 600 and
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Fig. 11. Experimental results of speed step response and correspond-
ing current curves with three different algorithms under rated load.
(a) Anti-windup PI controller. (b) Conventional ADRC. (c) Proposed
VSADRC.

β2 = 90000. According to Table I, b0 = (1/0.0425), so the
parameters of the antiwindup PI speed controller are set as
kps = (90000 + 600 × 30)/(600 + 30)× 0.0425 ≈ 7.286 and
kis = (90000 × 30)/(600 + 30)× 0.0425 ≈ 182.143 from
Section V-A, and the antiwindup loop is introduced to in the
integral term to attenuate the overshoot of the PI controller.
Besides, the speed loop saturation is set to 9A to prevent
excessive current. The control strategy is executed on a DSP-
TMS320F28335, and a magnetic powder brake is employed
to impose the external load. The speed loop sampling time is
0.001s, and the current loop sampling frequency is 8 KHz.

1) Dynamic Performance Experiment: In order to demon-
strate the superior speed dynamics and disturbance rejection
performance of the proposed algorithm, a series of experiments
such as speed step, speed reversal, and load step are carried out
from Figs. 11 to 14. First, Fig. 11 presents the step response

Fig.12. Speed reversal and corresponding current experimental results
at rated speed under rated load for three different algorithms. (a) Anti-
windup PI controller. (b) Conventional ADRC. (c) Proposed VSADRC.

and corresponding current curves of three different algorithms
under rated load condition with speed steps from 0 to 100, 300,
and 600 rpm. From Fig. 11, it can be observed that the anti-
windup PI controller exhibits significant speed overshoot during
speed steps, which are 1.46, 2.72, and 4.34 rpm respectively,
while the conventional ADRC and the proposed VSADRC
show almost no noticeable overshoot. It should be noted that
the anti-windup PI can reduce the impact of overshoot to a
certain extent, but it cannot completely eliminate overshoot.
Besides, the settling time of the proposed VSADRC is 0.79,
0.88, and 1.26 s, which is shorter than that of the anti-windup PI
controller (1.04, 1.14, and 1.32 s) and the conventional ADRC
(1.38, 1.42, and 1.51 s). Consequently, the proposed VSADRC
demonstrates the superior dynamic performance compared to
the other two methods in step response tests.

Second, Figs. 12 and 13 show the speed reversal and cor-
responding current experiments of three different algorithms
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Fig.13. Speed reversal and corresponding current experimental results
at 100 rpm under rated load for three different algorithms. (a) Anti-windup
PI controller. (b) Conventional ADRC. (c) Proposed VSADRC.

at rated speed and 100 rpm under rated load, respectively.
From 12, it can be seen that when the speed steps to the
rated speed, the overshoot of the antiwindup PI controller is
5.05 rpm, the ADRC shows no overshoot, and the proposed
VSADRC introduces a slight overshoot of 1.59 rpm due to its
preestimation of disturbances at high speeds. It should be noted
that the proposed VSADRC still has the shortest settling time
of 1.79 s. When the speed reverses from the positive rated speed
to the negative rated speed, the overshoot for the antiwindup PI
controller is 5.27 rpm, while for the VSADRC, it is 2.19 rpm.
In terms of settling time, the VSADRC still has the shortest
time of 2.14 s. Similarly, Fig. 13 shows the 100 rpm reversal
experiment under rated load, and it can be found that both
the proposed VSADRC and the conventional ADRC exhibit
almost no overshoot, while the antiwindup PI controller has
an overshoot of 1.68 rpm. The proposed VSADRC has the
shortest settling time of 0.94 s, followed by the antiwindup PI

Fig. 14. Experimental results of sudden unloading and sudden loading
of the rated load with three different algorithms. (a) Anti-windup PI
controller. (b) Conventional ADRC. (c) Proposed VSADRC.

controller with a settling time of 1.18 s, and the ADRC with
the longest settling time of 1.33 s. Thus, it can be concluded
that the proposed VSADRC demonstrates excellent dynamic
performance in speed reversal.

Third, to verify the disturbance rejection performance of the
proposed method, Fig. 14 presents the speed curves of sudden
unloading and loading of the rated load for the three different
algorithms. From Fig. 14, when the rated load is suddenly
removed at 10 s, the speed rise of the antiwindup PI controller,
ADRC and the proposed VSADRC is 2.75, 2.33, and 1.59 rpm,
respectively, and the corresponding recovery time is 1.65, 1.44,
and 0.94 s, respectively. Furthermore, when the rated load is
suddenly applied at 20 s, the speed drop of the anti-windup
PI controller, ADRC and the proposed VSADRC is 3.57, 3.25,
and 2.78 rpm, respectively, and the corresponding recovery time
is 1.59, 1.39, and 0.81 s, respectively. Accordingly, it can be
concluded from Fig. 14 the presented algorithm has stronger
disturbance rejection capability and shorter recovery time. In
summary, the above experimental results demonstrate that the
proposed VSADRC scheme exhibits superior speed dynamics
and disturbance rejection performance.

2) Steady State Performance Experiment: In order to il-
lustrate the excellent smooth speed regulation performance of
the proposed scheme, Fig. 15 presents the comparative ex-
perimental results of the steady-state speed, the zoomed-in
phase current, the phase current, and the corresponding fast
Fourier transform (FFT) analysis of the steady-state speed of the
three different methods under rated load. Due to the high signal-
to-noise ratio at high speed, which masks a lot of frequency
domain information, the speed employed in the following ex-
periment is set to 100 rpm. From Fig. 15, the steady-state
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Fig. 15. Experimental results of the steady-state speed and phase current and FFT results of speed for three different methods under rated load.
(a) Anti-windup PI controller. (b) Conventional ADRC. (c) Proposed VSADRC.

Fig. 16. Experimental results of q-axis current reference, speed estimation and disturbance estimation in the steady state and the corresponding
FFT results under rated load. (a) Control output. (b) Speed estimation. (c) Disturbance estimation.

speed fluctuations of the antiwindup PI controller, the conven-
tional ADRC and the proposed VSADRC are 1.56, 1.12, and
0.95 rpm, respectively, and their corresponding phase current
total harmonic distortions (THD) are 3.06%, 2.79% and 1.99%
respectively. Compared with the anti-windup PI controller and
ADRC, the presented method reduces the steady-state speed
fluctuation by 39.10% and 15.18%, respectively, and the THD
of the phase current is decreased by 1.07% and 0.8% respec-
tively. In addition, the FFT analysis results present that the
amplitudes of the first and second harmonics caused by offset
error and scaling error and the sixth harmonic caused by dead
time of the proposed scheme are reduced compared with the
antiwindup PI and ADRC, and the amplitude of VSADRC in
the high frequency domain is also the smallest. Thus, it can
be concluded that the proposed scheme can achieve smoother
speed regulation performance than the conventional methods.

3) Noise Suppression Performance Experiment: In order to
evaluate the noise suppression performance of the proposed
method, Fig. 16 presents the controller output I∗q (A), observer
output z1, z11, z2, andz21, and the corresponding FFT results
of the proposed method and the conventional methods in the
steady state under rated load. The noise situations can be eval-
uated by analyzing the noise amplitude in the control output and
observer output according to the FFT results. It is obvious that
the control output, speed estimation and disturbance estimation
waveforms of the proposed VSADRC are more refined than
the anti-windup PI controller and ADRC, which means that the
high-frequency noise components of the proposed scheme are
significantly attenuated. It should be pointed out that the most
obvious fluctuation in the waveform is caused by low-frequency
harmonic components rather than noise and its mechanical fluc-
tuation frequency is 5/3 Hz. According to the FFT analysis
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Fig. 17. Experimental results of speed and q-axis current reference of
two different methods with parameter mismatch under rated load. (a)
Conventional ADRC. (b) Proposed VSADRC.

results, it can be seen that the proposed VSADRC scheme
is effective in reducing the amplitude of noise. Thus, it can
be obtained that compared with the anti-windup PI controller
and ADRC, the proposed VSADRC can achieve satisfactory
noise suppression performance and more refined control and
estimation output.

4) Parameter Robustness Experiment: In order to verify the
parameter robustness of the proposed scheme, Fig. 17 shows
the comparative experimental results of the conventional ADRC
and the proposed VSADRC with the model control param-
eter b0 variation under rated load. For each subfigure, from
top to bottom are the speed, q-axis current reference and b0

variation curves. From Fig. 17, under a sudden change in the
control gain from b0 to 0.5b0, the conventional ADRC expe-
riences a speed change of 3.14 rpm and a recovery time of
0.49 s, whereas the proposed VSADRC shows a speed change
of 1.77 rpm and a significantly shorter recovery time of 0.28
s. The control output changes for ADRC and VSADRC are
1.13 and 0.57 A, respectively, with the corresponding recov-
ery times of 0.21 and 0.18 s. Similarly, when the control

TABLE II
ROBUSTNESS COMPARISON UNDER PARAMETER MISMATCH

Parameter index ADRC VSADRC

b0 → 0.5b0

Speed fluctuation 3.14 rpm 1.77 rpm

Speed recovery time 0.49 s 0.28 s

Control output fluctuation 1.13 A 0.57 A

Control output recovery time 0.21 s 0.18 s

0.5b0 → 1.5b0

Speed fluctuation 4.79 rpm 2.76 rpm

Speed recovery time 0.68 s 0.43 s

Control output fluctuation 2.23 A 1.26 A

Control output recovery time 0.32 s 0.27 s

Fig. 18. Experimental results of speed step under rated load and
sudden loading and unloading of rated load using the 2DOFPI-DOB [32]
and comparison results of FFT analysis of control output.

gain abruptly changes from 0.5b0 to 1.5b0, the speed varia-
tions for ADRC and VSADRC are 4.79 and 2.76 rpm, re-
spectively, with the corresponding recovery time of 0.68 and
0.43 s. The control output variations for ADRC and VSADRC
are 2.23 and 1.26 A, respectively, with the corresponding re-
covery time of 0.32 and 0.27 s. The robustness comparison
under parameter mismatch is summarized in Table II. Thus,
it can be concluded that the proposed VSADRC can achieve
stronger robustness to parameter mismatch compared with the
conventional ADRC, which is consistent with the analysis in
Section IV-E.

5) Comparison With Two-Degree-of-Freedom PI and Distur-
bance Observer (2DOFPI-DOB) [32]: To further demonstrate
the superior performance of the proposed method under the
two-degree-of-freedom framework, it is further compared fairly
with the 2DOFPI-DOB in reference [32] and the parameters of
2DOFPI-DOB are designed according to the tuning method of
[32] with the same bandwidth as VSADRC. Fig. 18 presents the
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TABLE III
PERFORMANCE COMPARISON OF 2DOFPI-DOB AND VSADRC

Parameter Index 2DOFPI-DOB [32] VSADRC

Speed step
Speed overshoot 1.63 rpm −

Setting time 1.63 s 0.79 s

Remove rated load
Speed rise 2.02 rpm 1.59 rpm

Recovery time 1.31 s 0.94 s

Add rated load
Speed drop 2.51 rpm 2.78 rpm

Recovery time 1.25 s 0.81 s

TABLE IV
COMPUTATION BURDEN COMPARISON

Methods Clock Cycles Average Computation Time

Anti-windup PI controller 759 5.060 μs

Conventional ADRC 869 5.793 μs

2DOFPI-DOB [32] 1027 6.847 μs

Proposed VSADRC 1138 7.587 μs

experimental results of speed step under rated load and sudden
loading and unloading of rated load using the 2DOFPI-DOB,
and also shows the FFT comparison results of the q-axis current
reference of 2DOFPI-DOB and VSADRC. It can be seen that
2DOFPI-DOB has overshoot during speed step, which is also
verified in the experimental results of [32]. The overshoot of
speed step is 1.63 rpm and the setting time is 1.02 s. From
Fig. 18, when the rated load is suddenly removed, the speed
rise of the 2DOFPI-DOB is 2.02 rpm, and the corresponding
recovery time is 1.31 s. When the rated load is suddenly applied,
the speed drop of the 2DOFPI-DOB is 2.51 rpm, and the cor-
responding recovery time is 1.25 s. The relevant performance
comparison of the proposed VSADRC and 2DOFPI-DOB is
summarized in Table III, and it can be found that the pro-
posed VSADRC is superior to the 2DOFPI-DOB except that the
speed drop under rated load is slightly greater than that of the
2DOFPI-DOB. In terms of noise suppression, the amplitude of
the FFT analysis of the control output of the proposed VSADRC
is smaller than that of the 2DOFPI-DOB, which indicates that
the noise suppression performance of the proposed VSADRC
is better than that of the 2DOFPI-DOB.

6) Computational Burden Comparison: In order to evaluate
the performance of presented VSADRC in real-time calcula-
tion, the comparison of the execution time burden of the three
methods on DSP is listed in Table IV. It is noted that the
clock frequency of the employed 32-bit floating-point DSP-
TMS320F28335 is 150 MHz. Thus, according to the clock
cycles performed by the three different strategies, the corre-
sponding execution time can be calculated. It can be known
from Table IV that the average execution time of anti-windup
PI, conventional ADRC, 2DOFPI-DOB and the proposed
VSADRC is 5.060, 5.793, 6.847, and 7.587 μs, respectively.

The method with the shortest execution time is PI, followed
by the conventional ADRC, and the longest is the proposed
VSADRC. Fortunately, the execution time of the presented
scheme is much shorter than the control period of the speed
loop, which is tolerable for the disturbance rejection enhance-
ment and measurement noise improvement of PMSM speed
control.

VI. CONCLUSION

In this article, a VSADRC scheme is developed for PMSM
speed control, so as to enhance the disturbance rejection perfor-
mance and improve the measurement noise suppression char-
acteristic simultaneously. Specifically, the proposed VSESO
adopts a two-stage interconnected observer structure, in which
the extended disturbance differential is appended to the second-
stage framework of VSESO to achieve higher-level disturbance
estimation. Furthermore, the second-stage disturbance estima-
tion in VSESO is employed for compensation to avoid using
the signal directly contaminated by measurement noise. The
slope of the magnitude curve is 40 dB/dec for the VSESO
and 20 dB/dec for the ESO at low frequencies, and the slope
of the magnitude curve is −40 dB/dec for the VSESO and
−20 dB/dec for the ESO at high frequencies. The experimen-
tal investigations demonstrate that the proposed VSADRC has
shorter settling time and less speed drop than the conventional
methods, while the noise of output dynamic is significantly
suppressed. Our future work will focus on dealing with the
oscillation caused by the mid-frequency peak of the ADRC of
the ramp-type disturbance rejection.
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