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Abstract: An improved active disturbance rejection control (I-ADRC) to improve the disturbance
attenuation of a permanent magnet synchronous motor speed controller was proposed in this paper.
A nonlinear function with improved smoothness was adopted to design the controller. The Lyapunov
stability of the improved tracking differentiator, the improved extended state observer, and the
controller were analysed. Moreover, simulations and experiments confirmed the effectiveness of
the proposed controller. The results demonstrate that the proposed controller has a smaller steady-
state error and a stronger disturbance attenuation ability than the proportional integral derivative
(PID) controller.

Keywords: permanent magnet synchronous motor; improved active disturbance rejection control;
proportional integral derivative; stability analysis; speed control

1. Introduction

A permanent magnet synchronous motor (PMSM) has the advantages of having a
simple structure, a small moment of inertia, a fast dynamic response, and high power
density [1]. PMSMs are extensively used in machine tools, robots, automobiles, medical
treatment, aviation, and aerospace [2–4]. The performance of a system actuated by a PMSM
is largely dependent on its control. Therefore, many controllers have been developed to
control PMSMs, such as proportional integral derivative (PID) control, sliding mode control,
adaptive control, active disturbance rejection control (ADRC), and intelligent control [5–9].
PID control is used most often. However, a short response time and small overshoot are
hard to be fulfilled at the same time in PID control. What’s more, the disturbance rejection
ability of PID control is weak [10,11]. Therefore, the nonlinear control of PMSMs is of great
interests to researchers.

ADRC is a nonlinear control inherited from PID proposed by Jingqing Han from
the Chinese Academy of Sciences [12]. ADRC proves to be a capable replacement of PID
with unmistakable advantages in performance and practicality, providing solutions to
the pressing engineering problems of today [13,14]. ADRC combined with sliding mode
control was proposed to improve the stability of a system with disturbance [15]. In [16],
ADRC was applied to the speed control of a PMSM, thus yielding the ideal control effect.
Reference [17] used linear ADRC to control a five-phase PMSM and applied it to the drive
systems of electric vehicles. In [18], a first-order ADRC was applied to a position servo
system to improve the positioning accuracy. The predictive function and the extended
state observer have been applied to the PMSM speed control to improve robustness [19].
In [20,21], a third-order ADRC model was proposed and applied to the position control
of a PMSM, while first-order ADRC was applied in the speed and current control loop
in [22]. First-order ADRC has been used to replace the speed loop PI controller; however,
its control accuracy was demonstrated to depend on the observation accuracy of the
extended state observer (ESO) [23,24]. In [25,26], to simplify the structure of nonlinear
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ADRC, linear ADRC is used in the PMSM control to improve disturbance rejection ability.
The abovementioned literature shows that ADRC is extensively used in PMSM control.

ADRC primarily includes a tracking differentiator (TD), an extended state observer
(ESO), and a nonlinear state error feedback (NLSEF). The fal(·) functions in the ESO and
NLSEF are nonlinear. There is an inflection point close to the origin of the fal(·) function,
leading to the chattering problem of ADRC and adversely affecting the accuracy and
robustness of the system. To improve the control performance of ADRC, an improved
nonlinear newfal(·) function, based on the Sigmoid function, is proposed and a first-order
improved ADRC is constructed. Firstly, the mathematical model of a PMSM is built.
Secondly, the improved first-order TD, ESO, and NLSEF are designed. The equations of
each part of the improved first-order ADRC are provided, and an improved first-order
ADRC is constructed. The Lyapunov stability of the first-order TD, the second-order ESO,
and the system are analysed. Finally, the improved ADRC (I-ADRC) is used in the speed
control loop of the PMSM in simulation and experiment. The results show that I-ADRC
has stronger disturbance rejection ability and stability than the PI and ADRC controller.

2. Mathematical Model of PMSM

Both the stator and the rotor of a PMSM are coupled with an air gap magnetic field,
leading to a complex electromagnetic relationship. To simplify the analysis without affect-
ing the control performance, the following assumptions are made:

(1) The saturation of the iron in the stator of the motor is ignored;
(2) The effects of the eddy current and hysteresis are ignored;
(3) The three phase windings of the stator are symmetrical.

The mathematical model of a PMSM comprises the voltage equation, flux linkage
equation, electromagnetic torque equation, and mechanical equation [27,28]. When the
vector control strategy is applied, the mathematical model of a PMSM can be written as

ud = Rsid +
dψd
dt −ωψq

uq = Rsiq +
dψq
dt + ωψd

}
Voltage equation

ψd = Ldid + ψ f
ψq = Lqiq

}
Flux linkage equation

Te = 1.5pn[ψ f iq + (Ld − Lq)idiq] Electromagnetic torque equation
J dω

dt = Te − TL − Bω Mechanical equation

(1)

where ud, uq, id, iq, Ld, Lq, ψd, and ψq are the voltage, current, inductance, and flux linkage
in the d-q reference frame, Rs is the phase resistance, and ψf is the flux linkage of the
permanent magnet. Te and TL are electromagnetic torque and load torque, respectively. B is
the damping coefficient of the rotor and load, pn is the pole number, J is the rotor moment
of inertia, and ω is the rotational speed of the motor.

The relationship between Te and iq, ω can be obtained from Equation (1). First-order
ADRC in this study is used to better control iq and improve the performance of the speed
loop.

For a surface mounted PMSM, Ld = Lq = Ls is fulfilled. When id is set to 0 in field-
oriented control, the torque equation in (1) changes to

Te = 1.5pnψ f iq (2)

The speed equation of the PMSM is then obtained from (1) and (2)

.
ω = 1.5

pnψ f

J
iq −

TL
J
− B

J
ω (3)
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3. I-ADRC Design of PMSM

ADRC takes the internal and external disturbances, and the unmodeled part of the
system as the total disturbance. The ESO is developed according to the input and output of
the system. The total disturbance is estimated online, and compensated in the feedback
control [29,30].

The primary function of the TD in ADRC is to realise the fast tracking of the target
signal without overshoot. The ESO observes the total disturbances for compensation to
improve the disturbance rejection ability of the system. The NLSEF compares the target
signal and its differentiation from the TD and the system output and its differentiation from
the ESO, and then the control signal is generated according to the obtained error [31,32].

For the first-order system [33],{ .
x1 = f (x1) + b0u
y = x1

(4)

Let x2 = f (x1),
.
x2 = w(t), the extended second-order system of Equation (4) is

as follows: 
.
x1 = x2 + b0u
.
x2 = w(t)
y = x1

(5)

where x1 is the system state variable, f (x1) is the disturbance, where x2 = f (x1) and
.
x2 = w(t),

.
x2 is the differential of the disturbance, u is the control variable, and b0 is the

gain coefficient.
Match Equations (3) and (5), then b0 = 1.5

pnψ f
J , x1 = ω, u = iq, y = ω, and − TL

J −
B
J ω

is the total disturbance term. A first-order ADRC of a PMSM is primarily composed of a
first-order TD and a second-order ESO and NLSEF. The input of the first-order ADRC is
the target speed (ωre f ) and the feedback speed (ω), and the output is iq. Figure 1 shows the
first-order ADRC of a speed control loop.
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Figure 1. First-order ADRC control structure block diagram of a PMSM.

3.1. Improved Nonlinear Function Design

The nonlinear function significantly influences the control performance of ADRC. The
common nonlinear function in an ESO and NLSEF is

f al(e, α, δ) =

{
|e|αsign(e), |e| > δ

e/δ1−α, |e| ≤ δ
(6)

where e is the deviation, α is the nonlinear factor, and δ is the filtering factor. In the charac-
teristic curve of the fal(·) function, an obvious inflection point exists and the smoothness is
poor. The inflection point will reduce the disturbance rejection ability and robustness of
ADRC [34].
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To keep the characteristics, eliminate the inflection point, and improve the smoothness
of the fal(·) function, a new function is proposed as

new f al(e, α, δ, a) =
{
|e|αsigmoid(e, a), |e| > δ

e/δ1−α, |e| ≤ δ
(7)

and
sigmoid(a, e) = 2(

1
1 + e−a×e − 0.5) (8)

In Equation (7), α is the nonlinear factor. Both fal(·) and newfal(·) functions are sym-
metric about the origin. Figure 2 shows the characteristic curves of the fal(·) and newfal(·)
functions with different parameters. For the convenience of observation, two groups
of the curves of fal(·) and newfal(·) are shifted to the left and right from the origin by
0.2 respectively.
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Figure 2. Comparison of characteristic curves of functions fal(·) and newfal(·). In (a), α takes different values and in (b), δ

takes different values.

From the locally magnified figure in Figure 2, an obvious inflection point close to the
origin of the fal(·) can be observed, whereas the transition of the newfal(·) curve is smooth.
In this study, a first-order ADRC is designed based on the newfal(·).

3.2. Improved TD Design and Stability Analysis

In reference [35], the improved fal(·) function is used to improve the disturbance
rejection ability of a quadrotor aircraft. The TD constructed using the newfal(·) function is
listed below: {

e = ω1 −ωre f.
ω1 = −Knew f al(e, α0, δ0, a0)

(9)

where ωre f is the target speed, ω1 is the output of the TD, which provides the fastest
tracking of ωre f , and K is an adjustable parameter (K > 0), which primarily affects the
tracking speed of ADRC. The larger the K value, the faster the TD tracking speed and the
shorter the transition time.

The Lyapunov function of the TD is selected as

V1 =
1
2

e2 (10)

and the derivation of e can then be obtained from Equation (9) to obtain

.
e =

.
ω1 = −Knew f al(e, α0, δ0, a0) (11)
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The differential of V1 is
.

V1 = e
.
e = −eKnew f al(e, α0, δ0, a0) (12)

According to the characteristics of the newfal(·), it has the same sign as e. When e > 0 or
e < 0,

.
V1 < 0 is satisfied. When e = 0,

.
V1 = 0, according to the Lyapunov stability principle,

V1 > 0, the reciprocal of V1 satisfies V1 < 0, and the stability point is asymptotically stable.
Therefore, the first order TD is asymptotically stable.

3.3. Improved Second Order ESO Design and Stability Analysis

The improved ESO is the core of the first-order ADRC in the PMSM speed control loop.
It estimates the internal and external disturbances as total disturbance for compensation.
From Figure 1 and Equation (5), the improved second-order ESO expression of the PMSM
speed loop is designed as

ε1 = z1 −ω∗
.
z1 = z2 − β01new f al(ε1, α1, δ1, a1) + biq.
z2 = −β02new f al(ε1, α1, δ1, a1)

(13)

where β01 and β02 are the gains of the observer, ω∗ is the measured speed, iq is the torque
current, z1 is the estimator of ω∗, and z2 is the total disturbance of the system.

Equation (13) can realise z1− > x1 and z2− > x2. Let ε1 = z1 − y and ε2 = z2 − x.
Subtract Equation (5) from Equation (13), the error state equation of the system can be
obtained as { .

ε1 = ε2 − β01new f al(ε1, α1, δ1, a1).
ε2 = −β02new f al(ε1, α1, δ1, a1)− w(t)

(14)

To prove the convergence of the system described by Equation (13), w(t) is set to a
constant value w. Let ε21 = ε1 and ε22 =

.
ε1, then Equation (14) can be transformed into

.
ε21 = ε22.
ε22 = −β02new f al(ε1, α1, δ1, a1)

−w− β01ε22new f al′(ε1, α1, δ1, a1)
(15)

Let the Lyapunov function of Equation (15) be

V2 =
∫ ε21

0
2β02 × new f al(ε, α1, δ1, a1)dε + ε2

22 (16)

then there is at least one point χ ∈ [0, ε21], satisfying

V2 =
∫ ε21

0 2β02 × new f al(ε, α1, δ1, a1)dε + ε2
22

= 2β02 × new f al(χ, α1, δ1, a1)ε21 + ε2
22

(17)

As new f al(ε21, α1, ε1, a1) and ε21 have the same sign and a > 0, new f al(ε21, α1, ε1, a1)
and ε21 are both positive and negative. Their product is greater than or equal to 0. For
β02 > 0, it can be derived

V2 = 2β02 × new f al(χ, α1, δ1, a1)ε1 + ε2
22 > 0 (18)

The derivative of Equation (17) is

.
V2 = 2β02ε22 × new f al(ε21, α1, δ1, a1) + 2ε22

.
ε22

= 2β02ε22 × new f al(ε21, α1, δ1, a1)+
2ε22[−β02new f al(ε1, α1, δ1, a1)
−w− β01ε22new f al′(ε1, α1, δ1, a1)]

=− 2ε22[w + β01ε22new f al′(ε1, α1, δ1, a1)]

(19)
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As new f al′(ε1, α1, δ1, a1) is a monotonically increasing function, its derivative is greater
than zero, and it is a bounded real number in the limited error range.

Let F = new f al′(ε1, α1, δ1, a1) > 0. Equation (19) is then simplified as

.
V2 = −2ε22[w + β01ε22F] (20)

If w(t) = w > 0, then ε22 > w
β01F is satisfied. If ε22 < −w

β01F , then
.

V2 < 0. If w(t) = w < 0,

then ε22 > −w
β01F . If ε22 < w

β01F , then
.

V2 < 0. If ε22= 0, then
.

V2 = 0. According to the Lyapunov
stability theory, the improved ESO is asymptotically stable. Both β01 and β02 primarily
affect the system accuracy and disturbance rejection ability. The experimental results show
that increasing β01 and β02 in a certain range can reduce the steady-state error of the system
and improve the disturbance rejection ability.

3.4. Stability Analysis of I-ADRC

The NLSEF, designed according to the block diagram in Figure 1, is
e1 = ω1 − z1
iq0 = β1new f al(e1, α2, δ2, a2)
iq = iq0 − z2

b0

(21)

where iq, iq0 are the control quantities. Let e2 = y − ωre f = x1 − ωre f . Substituting
iq = iq0 − z2

b0
into Equation (4), it reaches{

e2 = x1 −ωre f.
e2 = f (x1) + b0iq0 − z2 −

.
ωre f

(22)

The ESO convergence can guarantee that z1− > x1, z2− > x2. The tracking property
of the TD can guarantee that ωre f = ω1. According to e1 in Equation (21) and e2 in
Equation (22), e2 ≈ −e1 can be obtained. As ωre f is a constant, its differential is zero. As
z2− > x2 and x2 = f (x1), f (x1) − z2 = 0 can be obtained. Then, substituting iq0 into
Equation (22), it can be rewritten as{

e2 = x1 −ωre f.
e2 = b0iq0 = −b0β1new f al(e2, α2, δ2, a2)

(23)

The Lyapunov function of Equation (23) is selected as

V3 =
1
2

e2
2 (24)

The derivate of Equation (24) is

.
V3 = e2

.
e2 = −e2b0β1new f al(e2, α2, δ2, a2) (25)

As e2 and new f al(e2, α2, δ2, a2) have the same sign,
.

V3 < 0 If e2 = 0 then
.

V3 = 0,
Therefore, Equation (23) is asymptotically stable.

4. Simulation and Experimental Results Analysis

To confirm the performance of the I-ADRC under the vector control strategy, the PI
controller of the speed loop is changed to ADRC and I-ADRC controllers. The PI controller
is still used in the current loop and the other structures remain unchanged. Figure 3 shows
the structure block diagram of the PMSM vector control speed regulation system based
on I-ADRC.



Actuators 2021, 10, 147 7 of 16

Actuators 2021, 10, x FOR PEER REVIEW 7 of 17 
 

 

The derivate of Equation (24) is 

3 2 2 2 0 1 2 2 2 2( , , , )V e e e b newfal e aβ α δ= = −   (25)

As 2e  and 2 2 2 2( , , , )newfal e aα δ  have the same sign, 3 0V <  If 2 0e =  then 3V  = 0, 
Therefore, Equation (23) is asymptotically stable. 

4. Simulation and Experimental Results Analysis 
To confirm the performance of the I-ADRC under the vector control strategy, the PI 

controller of the speed loop is changed to ADRC and I-ADRC controllers. The PI controller 
is still used in the current loop and the other structures remain unchanged. Figure 3 shows 
the structure block diagram of the PMSM vector control speed regulation system based 
on I-ADRC. 

-
+ PI

Space 
vector 

pulse width 
modulation

Ipark

Park Clarke

PI
-

+

qi

Three-
phase 

inverter

PWM1
PWM2
PWM3
PWM4
PWM5
PWM6

First-order
Improved-

ADRC refω

ω
Speed & Position

θ

+
-

*
qi

av bv cv
ai
bi
ci

iα
iβ

du

qu uα

uβ
* 0di =

di

eθ

eθ

 
Figure 3. Block diagram of the I-ADRC structure. 

In field-oriented control (FOC), the three-phase current of the PMSM is transformed 
into iq and id by the Clarke and Park transformation. Both the torque and speed of the 
PMSM can be controlled by controlling the torque current iq. When id = 0, the flux is com-
pletely supplied by the permanent magnet and all the current of the motor is used to gen-
erate the electromagnetic torque. 

4.1. Analysis of Simulation Results 
To verify the effectiveness of the I-ADRC, a simulation wass conducted in 

MATLAB/Simulink. The PI control parameters were obtained by the trial-and-error 
method. Kp affects the response speed and overshoot of the system and Ki affects the 
stability accuracy of the system. Kp was adjusted from small to large until oscillation oc-
curred, Ki was adjusted from large to low, and the steady state accuracy of the system was 
guaranteed. The final PI control parameters were Kp = 0.7 and Ki = 0.012. The control 
parameters of the ADRC were adjusted such that the time reaching the target speed and 
the steady state error were the same. To confirm the performance under the same condi-
tion, ADRC and I-ADRC adopted the same set of control parameters. Moreover, the I-
ADRC had only one additional gain in the newfal(∙) function. The target speed was set to 
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Figure 3. Block diagram of the I-ADRC structure.

In field-oriented control (FOC), the three-phase current of the PMSM is transformed
into iq and id by the Clarke and Park transformation. Both the torque and speed of the
PMSM can be controlled by controlling the torque current iq. When id = 0, the flux is
completely supplied by the permanent magnet and all the current of the motor is used to
generate the electromagnetic torque.

4.1. Analysis of Simulation Results

To verify the effectiveness of the I-ADRC, a simulation wass conducted in MAT-
LAB/Simulink. The PI control parameters were obtained by the trial-and-error method.
Kp affects the response speed and overshoot of the system and Ki affects the stability
accuracy of the system. Kp was adjusted from small to large until oscillation occurred, Ki
was adjusted from large to low, and the steady state accuracy of the system was guaranteed.
The final PI control parameters were Kp = 0.7 and Ki = 0.012. The control parameters of
the ADRC were adjusted such that the time reaching the target speed and the steady state
error were the same. To confirm the performance under the same condition, ADRC and
I-ADRC adopted the same set of control parameters. Moreover, the I-ADRC had only one
additional gain in the newfal(·) function. The target speed was set to 1000 rpm, and a 5 N·m
load was suddenly applied at 0.05 s and unloaded at 0.1 s. The control performance of the
three algorithms was compared based on the simulation results.

The simulation model is shown in Figure 4. I-ADRC is adopted in the speed control
loop, and the PI controller is used in the current control loop.
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4.1.1. Speed Simulation Results Analysis

From the speed simulation results in Figure 5, it can be observed that the three control
algorithms stabilise at 0.16 s. However, the PI control algorithm has oscillation and overshoot.
When a 5 N·m load is suddenly loaded at 0.05 s, the minimum speed of the PI control
algorithm is 920 rpm, whereas the minimum speed of ADRC is 962 rpm. ADRC and I-ADRC
are restored to a steady state after 0.06 s and the PI is restored to a steady state after 0.07 s.
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When the load is suddenly released at 0.1 s in the partial enlarged region B in Figure 5,
it can be observed that the maximum output speed of the three control algorithms is 1010
rpm. However, the minimum speed of the PI controller is 970 rpm and the minimum speed
of ADRC and I-ADRC is 990 rpm. Moreover, ADRC velocity is 992 rpm and the I-ADRC
velocity is 994 rpm in the second velocity sag.

The simulation results demonstrate that disturbance rejection ability of I-ADRC is
better than that of the PI and ADRC.

4.1.2. Analysis of Three Phase Current Simulation Results

From the current simulation results in Figure 6, the current fluctuation amplitude
of the PI control algorithm at start-up time is significantly higher than that of ADRC
and I-ADRC. When a load is applied at 0.05 s, the amplitude of the three-phase current
changes. At 0.065 and 0.066 s, the current waveforms of ADRC and I-ADRC are stable;
however, that of the PI controller is still in transition state. When comparing ADRC and
I-ADRC, the I-ADRC current waveform reaches steady state; the ADRC current waveform
is still in transition state. This phenomenon is consistent with the third and fourth sag of
ADRC velocity in the partially enlarged figure of velocity simulation results in Figure 5.
When unloading at 0.1 s, the difference in current between the three control algorithms is
not obvious.
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4.1.3. Analysis of Torque Simulation Results

Figure 7 shows the torque simulation results. Figure 7a shows the torque curve of
the entire process. Figure 7b,c show the partially enlarged regions A and B referred to in
Figure 7a. From Figure 7a, the oscillation amplitude and time of the PI torque curve are
significantly larger than those of ADRC and I-ADRC during the initial starting stage. When
a 5 N·m load is applied at 0.05 s, the torque amplitude of the PI controller is 8 N·m, whereas
the torque amplitude of ADRC and I-ADRC is 10 N·m. The recovery time of ADRC and
I-ADRC is less than that of the PI controller.

The torque fluctuation of the PI controller in Figure 7b is greater than that of ADRC
and I-ADRC. Both the maximum and minimum of the third torque ripple of I-ADRC
and ADRC are 2.4 and −2.9 N·m and 3.2 and 3.6 N·m, respectively. This changing trend
is consistent with that of ADRC and I-ADRC velocity in the partially enlarged A and B
regions of Figure 4. When unloading at 0.1 s, the convergence time of the torque curve
of the PI control algorithm is longer than that of ADRC and I-ADRC. From the partially
enlarged Figure 7b, the torque fluctuation amplitude of the ADRC is greater than that of
I-ADRC, between 0.1025 s and 0.105 s.
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Figure 7. Torque simulation curves: (a) complete torque simulation curve; (b) partial enlargement A
and (c) partial enlargement B.

4.2. Analysis of Experimental Results

In this study, experimental verification is conducted using a LINKS RS PMSM servo
platform. The details of the experimental platform can be inquired from Beijing Lingsi
Chuangqi Technology Co., Ltd. The Links RS PMSM control system primarily comprises
the primary control software (RT SIM Plus), IO module library (RT LIB), real time code
generator (RT Coder), and real time simulation engine (RT Engine).

Figure 8 shows the servo control platform and load system. Table 1 shows the param-
eters of the PMSM used in the experiment. The control parameters of ADRC and I-ADRC
are the same (Table 2). The motor speed is obtained by an encoder. The measurement
speed is processed by a first-order low pass filter. The execution frequency of the current
loop, speed loop, and the frequency of recorded data were set to 10 kHz, 1 kHz, and 1 kHz,
respectively. No load and on load tests were conducted for the three algorithms.
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Table 1. Parameters of the PMSM.

Parameter Value

Rated power (W) 100
Pole pairs 4

Rated voltage (V) 36
Rated speed (rpm) 3000

Instantaneous 0.954
Rated current (A) 4.6

Back EMF coefficient (mV/rpm) 5.35
Line resistance (Ω) (25 ◦C) 0.75

Line inductance (mH) 2
Weight (kg) 0.8

Rated torque (N·m) 0.318
Encoder 1250

Table 2. I-ADRC parameter list.

I-ADRC Component Symbol Value

First order TD

α0 1.25
δ0 0.01
a0 500
K 450

Second order ESO

β01 30
β02 5
α1 0.25
δ1 0.01
a1 90
b 110

NLSEF

α2 1.1
δ2 0.01
a2 60
β1 220
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4.2.1. No Load Speed Regulation Result Analysis

The PI control parameters were adjusted to be consistent with the steady state times
and errors of ADRC and I-ADRC. Figure 9 shows the no load speed response curve, and
the step speed is set to 100 rpm, 500 rpm, and 1000 rpm, for the PI, ADRC, and I-ADRC,
respectively. From the partially magnified region A in Figure 9, ADRC and I-ADRC reach
the steady state at 8.85 s and the PI reaches the steady state at 9.09 s. The overshoot of the
PI control algorithm is larger than ADRC and I-ADRC. From the locally enlarged region B
in Figure 9, the velocity fluctuation of ADRC and the PI ranges from −5–+5 rpm and the
velocity fluctuation of I-ADRC ranges from −4–+4 rpm.
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Figure 9. No load speed regulation test curve.

4.2.2. Analysis of Load Speed Test Results

The rated load of the motor is 0.318 N·m. During the experiment, the load is set to
0.15 N·m by a magnetic powder brake. The PMSM speed was set to 1000 rpm, a 0.15 N·m
load was applied at 5.4 s and unloaded at 11 s, and a 0.15 N·m load was applied at 16 s and
unloaded at 19.8 s. The disturbance rejection ability of different algorithms is evaluated by
repeatedly loading and unloading. Figure 10 shows the test results.

Actuators 2021, 10, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 10. Load speed regulation test curve. 

Partially magnified views A and B in Figure 10 indicate loading and unloading, re-
spectively. In A, the minimum speed 940 rpm for the PI control, 960 rpm for the ADRC, 
and 965 rpm for the I-ADRC control. The speed disturbance rejection ability of the I-ADRC 
control strategy is better than that of the ADRC and the PI. 

From the locally magnified region B, the maximum speed fluctuation of the three 
control algorithms is 1100 rpm; however, the minimum speed of the PI control algorithm 
is about 872 rpm and the minimum speed of the ADRC and I-ADRC control algorithms is 
about 970 rpm. 

The locally magnified region C in Figure 10 indicates the steady state velocity, in 
which the velocity fluctuation of the PI is −4–4 rpm, velocity fluctuation of ADRC is −4–3 
rpm, whereas the velocity fluctuation of I-ADRC is −3–2 rpm; therefore, the steady state 
error is smaller. 

4.2.3. Analysis of 3 Phase Current Test Results 
Figure 11 shows the current variation curve during loading and unloading. Figure 

11a shows the complete current curve of the three control algorithms and Figure 11b is 
the partial amplification of the loading part in Figure 11a. From Figure 11b, between 5.40 
and 5.46 s, I-ADRC has the largest current amplitude, followed by ADRC, and the PI has 
the smallest current amplitude. The larger the current, the larger the rotor output torque. 
The measured current data show that the disturbance ability of I-ADRC is better than that 
of ADRC and the PI. This current change is consistent with the velocity change curve in 
the locally enlarged B region in Figure 10. 

Figure 10. Load speed regulation test curve.



Actuators 2021, 10, 147 14 of 16

Partially magnified views A and B in Figure 10 indicate loading and unloading,
respectively. In A, the minimum speed 940 rpm for the PI control, 960 rpm for the ADRC,
and 965 rpm for the I-ADRC control. The speed disturbance rejection ability of the I-ADRC
control strategy is better than that of the ADRC and the PI.

From the locally magnified region B, the maximum speed fluctuation of the three
control algorithms is 1100 rpm; however, the minimum speed of the PI control algorithm is
about 872 rpm and the minimum speed of the ADRC and I-ADRC control algorithms is
about 970 rpm.

The locally magnified region C in Figure 10 indicates the steady state velocity, in
which the velocity fluctuation of the PI is −4–4 rpm, velocity fluctuation of ADRC is −4–3
rpm, whereas the velocity fluctuation of I-ADRC is −3–2 rpm; therefore, the steady state
error is smaller.

4.2.3. Analysis of 3 Phase Current Test Results

Figure 11 shows the current variation curve during loading and unloading. Figure 11a
shows the complete current curve of the three control algorithms and Figure 11b is the
partial amplification of the loading part in Figure 11a. From Figure 11b, between 5.40 and
5.46 s, I-ADRC has the largest current amplitude, followed by ADRC, and the PI has the
smallest current amplitude. The larger the current, the larger the rotor output torque. The
measured current data show that the disturbance ability of I-ADRC is better than that of
ADRC and the PI. This current change is consistent with the velocity change curve in the
locally enlarged B region in Figure 10.
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5. Conclusions

To improve the disturbance rejection ability of the PMSM speed-control loop, a new
nonlinear function with improved smoothness is proposed. Based on the nonlinear func-
tion, an improved first-order ADRC is designed. The Lyapunov stability of the first-order
TD and the second-order ESO of the I-ADRC are analysed, and the asymptotic stability
of the improved first-order ADRC control system is theoretically confirmed. To verify the
speed loop control performance of I-ADRC, the PI, ADRC, and I-ADRC control strategies
are realised both in simulation and experiments. Based on the simulation and experimental
results, the characteristics of speed, current, and torque in the process under loading and
unloading conditions are analysed. The results show that the PMSM speed control based on
I-ADRC has better stability than the other two methods. I-ADRC has stronger disturbance
rejection ability and robustness than the PMSM speed control based on the PI and ADRC.
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