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Abstract—Strong robustness and smooth speed are two crucial
goals of the high-performance permanent magnet synchronous
motor (PMSM) drive systems. Conventional active disturbance re-
jection control (ADRC) strategy generally increases the bandwidth
of the extended state observer (ESO) to improve the unsatisfactory
disturbance rejection ability, which will inevitably amplify the mea-
surement noise. To address this tough issue, a nonlinear extended
state observer (NESO) using finite-time technique is constructed in
this article to enhance the anti-disturbance property. On this basis,
the NESO with small bandwidth is sufficient to guarantee strong
robustness without sacrificing noise suppression performance. Uti-
lizing the frequency-sweep method, the advantages of the proposed
NESO-based modified ADRC (MADRC) system can be analyzed in
terms of frequency domain characteristics, which is more practical
than traditional theoretical analysis from a mathematical point
of view. Meanwhile, a quasi-resonant controller is combined with
MADRC system to attenuate the main harmonic component of
torque ripple for smooth speed. Experimental results are carried
out to verify the effectiveness of the proposed control scheme and
frequency-sweep analysis method.

Index Terms—Frequency-sweep method, nonlinear extended
state observer (NESO), permanent magnet synchronous
motor (PMSM), quasi-resonant (QR) controller, torque ripple
suppression.

I. INTRODUCTION

OWING to the unique features such as high efficiency, lofty
torque-to-inertia ratio and simple structure, permanent

magnet synchronous motor (PMSM) has been applied in the
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fields of robotics, computer numerical control machines, and
large-scale systems, etc. [1], [2], [3]. The speed regulation
control is an important operating mode of PMSM system in these
industrial applications. Since the outer speed-loop generally
provides the reference signal for the inner current loop, it has
a significant influence on the entire drive system. As a clas-
sical control strategy, linear proportional-integral (PI) control
has been widely utilized in speed control. However, simple PI
control is difficult to provide desired control performance in
the presence of various disturbance including cogging torque,
parameter uncertainties, and flux harmonics [4].

In order to achieve high-precision speed reference track-
ing and excellent disturbance rejection performance, various
well-known two-degree-of-freedom (2-DOF) control methods
are employed in speed control [5], [6]. The fundamental idea
of 2-DOF control method is to treat the internal and external
disturbance as a lumped disturbance term. Then, an observer is
utilized to estimate the lumped disturbance and compensate the
estimation value to the feedback controller. As described in [7],
the disturbance observer (DOB) was first put forward by Ohnishi
in the early 1980s to estimate the external disturbance in servo
motors. Unfortunately, some system states are unmeasurable in
practical applications, and only estimating the disturbance is not
sufficient to meet the requirements of high-performance control.
To estimate the system states and disturbance simultaneously,
the extended state observer (ESO) was proposed by Han in the
late 1990s [8]. On this basis, the widely used active disturbance
rejection control (ADRC) method is constructed based on the
combination of ESO and feedback controller, which breaks
through the limitations of conventional proportional-integral-
derivative (PID) control [9], [10].

The application of ADRC strategy in PMSM speed control
has drawn increasing attentions. Since the theoretical analysis
and parameter tuning of the original ADRC are extremely com-
plicated, the parameterized linear ADRC was adopted in [11]
to compensate the parameter uncertainties and load torque.
Comparative results show that the robustness of ADRC system
is better than linear PI. Generally, increasing the bandwidth
of ESO can improve the low-frequency disturbance rejection
property, but the bandwidth is restricted by measurement noise
and system stiffness [12]. To enhance the anti-disturbance per-
formance of conventional ADRC system, a phase-locked loop
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observer (PLLO) was employed in [13] to replace the linear
ESO. Even if the PLLO-based ADRC system improves the
low frequency disturbance rejection property, it sacrifices the
medium frequency disturbance suppression performance at the
same time, which deteriorates the robustness against inertia mis-
match. With the rapid development of modern control theories,
nonlinear control technique has been adopted to modify the con-
ventional ESO [14], [15], [16]. The nonlinear function proposed
by Han was employed in [16] to replace the linear function in
conventional ESO. According to the range of tolerance to au-
tomatically adjust the gain of ESO, the estimation performance
can be greatly improved. In [17], the generalized super-twisting
algorithm was utilized to accelerate the convergence rate of
the estimation error, which can optimize the performance of
PMSM system. Besides, an adaptive linear/nonlinear switching
ADRC method was proposed in [18] to maintain strong anti-
disturbance property and high-precision tracking performance
simultaneously. However, the switching mechanism is complex
and defective.

Although the aforementioned ADRC systems have been
widely applied in PMSM speed regulation system successfully,
the research on the problem of smooth speed has been neglected.
The speed fluctuation is affected by the torque ripple of motor,
which is mainly caused by cogging torque and harmonic torque.
To compensate for the disturbance at some specific frequencies
in PMSM system, two quasi-resonant (QR) controllers were
employed in [19] to suppress the first and second order harmonic
components caused by offset error and scaling error. Unfortu-
nately, the main harmonic component of torque ripple is not
eliminated, which can be easily observed in the experimental
results. Similarly, a combination of two vector resonant con-
trollers and ADRC algorithm was utilized in [20] to replace
the linear PI controller in current loop, which not only sup-
presses harmonic, but also improves resistance against system
disturbance. Later, an adaptive ESO was constructed in [21] to
enhance the measurement noise and torque ripple suppression
performance without sacrificing the anti-disturbance capacity of
PMSM speed regulation system. However, the control approach
complicates the structure of ADRC method and the parameter
tuning process.

Motivated by the discussions mentioned above, a nonlin-
ear extended state observer (NESO) based modified ADRC
(MADRC) scheme is proposed to optimize the robustness and
disturbance rejection property of PMSM speed regulation sys-
tem. By exploiting the finite time technique, the NESO with
small bandwidth can achieve strong robustness, which greatly
reduces the adverse effects of measurement noise on the closed-
loop system. On this basis, a QR controller is combined with
MADRC system to attenuate the main harmonic component of
torque ripple for smooth speed. The contribution of this article
could be briefly summarized in three aspects:

1) Utilizing the frequency-sweep method to obtain the bode
diagrams of the MADRC algorithm with complex nonlin-
ear terms, the advantages of the proposed control strategy
can be clearly demonstrated in terms of frequency domain
characteristics, which is more practical than traditional
theoretical analysis from a mathematical point of view.

2) The proposed NESO adopts nonlinear functions to replace
the linear terms in conventional ESO, thereby providing
better resistance against low-medium frequency distur-
bance. In addition, the high frequency measurement noise
can be effectively suppressed by utilizing a smaller ob-
server bandwidth.

3) To reduce the speed fluctuation caused by undesired torque
ripple, a QR controller is utilized to attenuate its main
harmonic component for smooth speed. Combined the QR
controller with the proposed MADRC method, the desired
smooth speed and strong robustness can be achieved si-
multaneously.

II. MATHEMATICAL MODEL AND CONVENTIONAL

ADRC METHOD

A. Modeling of PMSM System

The well-known motion equation of PMSM system can be
described by [13]

ω̇m = −B

J
ωm +

Te

J
− TL

J
(1)

whereωm is the rotor angular velocity,J is the moment of inertia,
B is the viscous friction coefficient, TL is the load torque, and
Te is the electromagnetic torque.

Taking the reference signalT ∗
e as the control input, one obtains

ω̇m =
T ∗
e

J
− B

J
ωm −

(
T ∗
e

J
− Te

J

)
− TL

J

= bT ∗
e + d0 (2)

where b = 1
J and d0 = −B

J ωm −
(

T ∗
e

J − Te

J

)
− TL

J is the nom-

inal disturbance.
Since the load torque is time-varying in practical engineering,

the parameters of PMSM system may be mismatched. Compared
to the viscous friction coefficient B, the value of inertia J may
vary several times. As a result, the motion equation can be
rewritten into a general form

ω̇m = b0T
∗
e + (b− b0)T

∗
e + d0

= b0T
∗
e + dt (3)

wheredt = (b− b0)T
∗
e + d0 is the lumped disturbance, b0 = 1

J0

and J0 is the nominal value of inertia.

B. Conventional ADRC Algorithm Design

Defining the lumped disturbance dt as an extended system
state, the motion (3) can be rewritten as{

ω̇m = b0T
∗
e + dt

ḋt = h
(4)

where h is the derivative of the lumped disturbance.
Generally, the conventional linear ESO is utilized to estimate

the lumped disturbance dt and mechanical angular velocity ωm.
However, it should be noted that the mechanical angular velocity
is obtained by the derivative of the rotor position. As a matter of
fact, the position signal is collected by position sensors, and
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Fig. 1. Conventional ADRC algorithm for speed control.

the use of sensors will inevitably bring measurement noise,
especially in the low speed region. Hence, the measured speed
ω contained by measurement noise is given as

ω = ωm − n0 (5)

where n0 denotes the measurement noise.
According to [9], the conventional linear ESO for the system

expressed by (3) can be designed as{
˙̂ωm = boT

∗
e + d̂t + λ1e1

˙̂
dt = λ2e1

(6)

where ω̂m and d̂t are the estimation of speedωm and disturbance
dt, λ1 and λ2 are the parameters of linear ESO and the estimation
error e1 = ω − ω̂m.

In order to facilitate the parameter tuning process, the observer
gains can be given by {

λ1 = 2p0

λ2 = p20
(7)

wherep0 denotes the bandwidth related parameter of linear ESO.
After obtaining the estimation value of the lumped distur-

bance dt and speedωm from linear ESO, the feedback controller
can be constructed as

T ∗
e =

ω̇∗
m + kp (ω

∗
m − ω̂m)− d̂t
b0

(8)

where kp is the proportional gain. Moreover, Fig. 1 illustrates
the block diagram of conventional ADRC system.

Remark 1: Obviously, the parameters kp and p0 determine
the performance of ADRC method. The function of parameter
kp is similar to the proportional control in the conventional PI
controller. Although increasing the value of parameter kp can
reduce the settling time when the motor speed changes, the peak
value of the reference torque will inevitably increase, thereby
generating actuator saturation. For parameter p0, increasing the
value of p0 can enhance the disturbance rejection performance
of the PMSM system. Unfortunately, the improvement of the
disturbance rejection performance will inevitably lead to the
degradation of the measurement noise suppression property.

Remark 2: Generally, the disturbance existing in PMSM sys-
tem is in low-medium frequency band, while the measurement
noise is in high frequency band. From the view of practical

Fig. 2. Bode diagrams of conventional ADRC system under different p0.

Fig. 3. Comparison of conventional ADRC and MADRC systems under
different p0.

engineering, only the bode diagrams of PMSM speed regulation
system can clearly show its frequency domain characteristics.
Since a novel NESO will be constructed in this article, and
its transfer function is difficult to obtain. Therefore, a unified
frequency-sweep method is adopted to acquire the bode dia-
grams of the conventional ADRC system and the upcoming
MADRC system. Assuming the lumped disturbance as dt =
A0 sin(ωf t), the rotor angular velocity ωm nearly converges
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Fig. 4. Proposed QR-MADRC algorithm for speed control.

Fig. 5. Bode diagrams of QR-MADRC system under different k.

to another sinusoidal function Ã0 sin(ωf t+ ϕf ). On this basis,
the magnitude frequency response and phase frequency response
curves are given as (lg(ωf ), 20 lg(Ã0/A0)) and (lg(ωf ), ϕf ).

Selecting b = b0 and kp = 100, the bode diagrams of con-
ventional ADRC system with variable p0 is shown in Fig. 2.
Since the lumped disturbance dt is in low-medium frequency
band, increasing the bandwidth of linear ESO can improve the
disturbance estimation and rejection properties of the PMSM
system. However, the larger p0 is, the worse measurement noise
suppression performance is. Consequently, the choice of param-
eter p0 needs to find a balance between the above two factors.

III. PROPOSED SPEED LOOP CONTROL STRATEGY

A. NESO Design

According to (3), the NESO can be constructed as{
˙̂ωm = b0T

∗
e + d̂t + λ1f1 (e1)

˙̂
dt = λ2f2 (e1)

(9)

Fig. 6. Bode diagrams of QR-MADRC system under different ωc.

Fig. 7. Experimental platform.

where nonlinear functions f1(e1) and f2(e1) are given as

f1 (e1) = �e1�γ1 + �e1�γ2

f2 (e1) = γ1�e1�2γ1−1 + γ2�e1�2γ2−1

+ (γ1 + γ2) �e1�γ1+γ2−1 (10)

with γ1 = 1 + α, γ2 = 1− α and constant α ∈ (− 1
2 , 0). Nota-

tion �·�n represents | · |n · sign(·).
Subtracting (9) from (3), one obtains{

ė1 = e2 − λ1f1 (e1)

ė2 = −λ2f2 (e1)− h
(11)

where e2 = dt − d̂t.
Remark 3: In the proposed NESO, the parameter α has a

great influence on its performance. Decreasing the value of the
parameter α can improve the estimation performance of NESO
and promote the disturbance rejection property of the PMSM



8130 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

Fig. 8. Speed fluctuations of ADRC and MADRC methods under different speed regions. (a) ADRC. (b) MADRC.

system theoretically. Unfortunately, decreasing the value of α
may enlarge the measurement noise in practical engineering.
Hence, we need to choose an appropriate parameterα to achieve
the desired performance. A simple and effective method for
choosing an appropriate parameter α is to adjust parameter α
from an initial large value to smaller values until the required
performance is achieved.

Choosing kp = 100, b = b0 and α = −0.25, the bode di-
agrams of MADRC system under different p0 are shown in
Fig. 3. Even if the value of parameter p0 in MADRC system
is smaller than conventional ADRC system, its low-medium
frequency disturbance rejection ability is stronger. On this basis,
the high frequency measurement noise suppression performance
of MADRC system can be improved.

The estimation error of NESO will be shown to converge
to zero in finite time. A widely used Lyapunov function is
selected as

V = ξTQξ (12)

where ξT = [f1(e1), e2] and Q is a positive definite symmetric
matrix.

With the help of (10), one has

ξ̇ = F (e1) (Aξ +Bϑ) (13)

where F (e1) = γ1|e1|γ1−1 + γ2|e1|γ2−1, ϑ = −h
F (e1)

, A =[−λ1 1
−λ2 0

]
and B =

[
0
1

]
.

Similar to [22], set Δ(ξ, ϑ) =

[
ξ
ϑ

]T [
R ST

S −θI

] [
ξ
ϑ

]
, where

θ � 0. Then, the inequality Δ(ξ, ϑ) � 0 can be established with
appropriate matrices R and S.

Theorem 1: If there exist a positive constant ε and positive
definite symmetric matrix Q satisfying the following matrix
inequality:[

ATQ+QA+ εQ+R QB + ST

BTQ+ S −θI

]
� 0

then the estimation error system (11) is finite time stable.
Proof: By a simple calculation, the derivative of V is

V̇ = F (e1)
[
ξT
(
ATQ+QA

)
ξ + ϑBTQξ + ξTQBϑ

]
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= F (e1)

[
ξ
ϑ

]T [
ATQ+QA QB

BTQ 0

] [
ξ
ϑ

]
. (14)

Since ‖ξ‖2 = |e1|2γ1 + |e1|2γ2 + 2|e1|γ1+γ2 + |e2|2,
0 < 1−γ1

γ1
< 1, and the inequality λmin{Q}‖ξ‖2 � ξTQξ �

λmax{Q}‖ξ‖2 holds, one has

(|e1|γ1)
1−γ1
γ1 �

(
V

1
2

λ
1
2

min {Q}

) 1−γ1
γ1

. (15)

With the help of (15) and Δ(ξ, ϑ) � 0, (14) can be rewritten
as

V̇ � F (e1)

{[
ξ
ϑ

]T [
ATQ+QA QB

BTQ 0

] [
ξ
ϑ

]

+Δ (ξ, ϑ)

}

� F (e1)

[
ξ
ϑ

]T [−εQ 0
0 0

] [
ξ
ϑ

]

� − γ1 |e1|γ1−1 εV

= − γ1

|e1|1−γ1
εV

� − γ1λ
1−γ1
2γ1

min {Q} εV
3γ1−1
2γ1 . (16)

Obviously, (16) satisfies the finite-time stability criterion
in [23]. Therefore, the estimation error system (11) can be
stabilized in a finite time. �

B. QR-MADRC Design

In order to obtain the smooth speed, the QR controller is em-
ployed in this section to attenuate the main harmonic component
of torque ripple caused by some undesired factors during the
motor manufacturing process. According to [19], the transfer
function of QR controller can be expressed as

GQR(s) =
2kωcs

s2 + 2ωcs+ ω2
0

(17)

where k is the resonant coefficient, ωc and ω0 are the cutoff
frequency and resonant frequency of QR controller, respectively.
Combined with the aforementioned NESO, the block diagram
of the proposed QR-MADRC algorithm is shown in Fig. 4.

Choosing ω0 = 40π rad/s and ωc = 2π rad/s, the bode dia-
grams of QR-MADRC system under different parameter k are
shown in Fig. 5. It can be clearly seen that the QR controller
provides additional disturbance rejection property at resonant
frequency ω0, which can suppress the harmonic component at
ω0 effectively. The stronger disturbance rejection property can
be achieved by increasing the value of resonant coefficient k.
In addition, selecting ω0 = 40π rad/s and k = 350, the bode
diagrams of QR-MADRC system under different parameter ωc

are shown in Fig. 6. Increasing the value of cutoff frequency ωc

can expand the influence range of the QR controller on the entire
PMSM speed regulation system.

Remark 4: According to the frequency domain characteristics
of QR-MADRC system, it is convenient to obtain the desired

TABLE I
MAIN PARAMETERS OF THE PMSM SYSTEM

control performance. First of all, an appropriate resonant coef-
ficient k should be selected to increase the disturbance rejection
property at resonant frequency ω0, so that the torque ripple can
be well suppressed. In addition, adjusting the cutoff frequency
ωc can alter the influence region of QR controller around ω0.
However, the introduction of QR controller will adversely affect
the noise suppression and speed tracking performance of the
PMSM speed regulation system. Considering the above factors
simultaneously, the parameters of QR controller have to be
chosen in a compromise way.

IV. EXPERIMENTAL RESULTS

In order to demonstrate the effectiveness of the proposed
control scheme, experiments are carried out on the test bench
based on dSPACE DS1103. The experimental platform is shown
in Fig. 7, and the corresponding technical parameters are given in
Table I. The platform employs two identical 0.75 kW motors, one
acts as a test motor and the other acts as a load torque generator.
The field-oriented control with i∗d = 0 is adopted as the basic
control strategy, and the control frequency is synchronized to
10 kHz.

A. Comparative Results of Conventional ADRC and MADRC

The performance of conventional ADRC and proposed
MADRC schemes are compared in this section. The proportional
gain of these two methods are the same, i.e., kp = 100. The
values of parameter p0 in ESO and NESO are chosen as 600
and 250, respectively. The parameter α in NESO is selected as
−0.25.

In order to verify the validity of the frequency-sweep analysis
method, the reference speed of the geometric progression is
employed to show the disturbance rejection performance of
conventional ADRC and proposed MADRC strategies. The cor-
responding experimental results are shown in Fig. 8. Obviously,
the speed fluctuation in the medium frequency band is large, that
is, the disturbance rejection performance of PMSM system in
the medium frequency band is unsatisfactory, which is consistent
with the results of frequency-sweep method. Furthermore, the
speed fluctuation under the proposed MADRC method is always
smaller than the conventional ADRC scheme.

To demonstrate the speed tracking performance of conven-
tional ADRC and proposed MADRC methods, typical sinu-
soidal reference is given. The corresponding experimental re-
sults are presented in Fig. 9. It can be easily observed that the
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Fig. 9. Tracking performance of ADRC and MADRC methods under sinu-
soidal reference. (a) ADRC. (b) MADRC.

Fig. 10. Disturbance rejection performance of ADRC and MADRC methods.
(a) ADRC under step loading. (b) MADRC under step loading. (c) ADRC under
step unloading. (d) MADRC under step unloading.

tracking error of MADRC for sinusoidal reference is smaller
than that of ADRC. In addition, the experimental results of
conventional ADRC and proposed MADRC strategies under
step loading and unloading are illustrated in Fig. 10. For the
conventional ADRC method, the speed drop under step loading
and the speed rise under step unloading are 104 rpm and 98 rpm,
respectively. Meanwhile, for the proposed MADRC method,
the speed drop under step loading and the speed rise under
step unloading is 77 rpm and 75 rpm, respectively. It can be
concluded that the disturbance rejection ability of MADRC is
stronger than the conventional ADRC strategy. Fig. 11 shows
the robustness of conventional ADRC and proposed MADRC
algorithms under inertia mismatch. According to the experi-
mental results in Fig. 11, the motor under conventional ADRC
strategy has more obvious oscillation phenomenon. Hence, it

Fig. 11. Robustness of ADRC and MADRC methods under inertia mismatch.
(a) ADRC. (b) MADRC.

Fig. 12. Torque ripple suppression performance of QR-MADRC method. (a)
MADRC. (b) QR-MADRC.

can be easily observed that the proposed MADRC can provide
stronger robustness in the presence of inertia mismatch.

B. Torque Ripple Suppression of QR-MADRC

The speed fluctuation is affected by the torque ripple caused
by some undesired factors during the motor manufacturing
process, especially in low speed region. For this reason, a square
wave reference speed ranging from −100 rpm to 100 rpm is
adopted to clearly show the effect of QR controller on harmonic
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Fig. 13. Torque ripple suppression performance of QR-MADRC method with
incorrect resonant frequency. (a) ω0 = 4ωe. (b) ω0 = 5ωe.

suppression in this section. Fig. 12(a) depicts the speed response
of the proposed MADRC method, and the main harmonic com-
ponent of torque ripple is the 4.5th-order harmonic. In order to
attenuate the biggest harmonic of the torque ripple, the resonant
frequency of QR controller is chosen asω0 = 4.5ωe, whereωe is
the electrical angular speed. According to the Fourier analysis of
the steady-state speed, it can be observed that the QR controller
can effectively attenuate the 4.5th-order harmonic. Therefore,
the speed fluctuation phenomenon caused by torque ripple can
be greatly reduced.

Meanwhile, in order to demonstrate the robustness of the
QR controller, the experimental results of the proposed QR-
MADRC strategy with incorrect resonant frequency are illus-
trated in Fig. 13. When the resonant frequency is selected as
ω0 = 4ωe or ω0 = 5ωe, the QR controller can still attenuate the
4.5th-order harmonic to a certain extent. It can be concluded
that the QR controller is insensitive to the resonant frequency
and it has a satisfactory disturbance rejection ability.

V. CONCLUSION

In this article, a QR-MADRC strategy is proposed to achieve
strong robustness and smooth speed of PMSM speed regulation
system. Compared with the conventional ESO, the proposed
NESO can take advantage of finite-time technique to provide
strong robustness and disturbance rejection ability. Meanwhile,
a QR controller is adopted to suppress the main harmonic

component of torque ripple for smooth speed. Frequency-sweep
analysis and experimental results demonstrate that the pro-
posed QR-MADRC method outperforms conventional ADRC
approach. Our future work will focus on improving the con-
trol performance of the proposed scheme at low switching
frequency.
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