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Abstract: A sensorless vector active disturbance rejection control (ADRC) method for permanent
magnet synchronous motors (PMSM) utilizing a Luenberger observer is presented. This method
aims to address the challenges associated with weak active disturbances, substantial steady-state
speed amplitude fluctuations, and difficulty in achieving a balance between overshoot and speed
control in the sensorless PMSM control system. Mathematical models of the Luenberger observer and
the ADRC were analyzed, leading to the proposal of a second-order ADRC control method based
on the Luenberger observer. A mathematical model of the permanent PMSM has been introduced.
Additionally, the necessary conditions for the convergence of the Luenberger observer were derived
and examined. The allowable range of error feedback gain values was determined, and rotor position
data were acquired using a phase-locked loop. The principle of the ADRC was analyzed, and the
ADRC simulation results, along with the PI simulation results, were detailed. When the target speed
is 1000 r/min, the steady-state error and load disturbance resistance of the ADRC control method
outperform those of the PI control method. Finally, the control method was experimentally tested
on an STM32F4 chip, demonstrating the advantages of small steady-state error and strong active
disturbance ability.

Keywords: Luenberger observer; active disturbance rejection control; permanent magnet synchronous;
sensorless control; parameter setting

1. Introduction

The permanent magnet synchronous motor (PMSM) offers advantages such as a simple
structure, high efficiency, wide speed range, large acceleration and deceleration capabilities,
and fast dynamic response [1,2]. With the advancement of power electronics technology,
rare earth permanent magnet materials, and advanced control theory, the PMSM has
found increasingly widespread applications in fields such as computer numerical control
(CNC) machine tools, ships, household appliances, aviation, aerospace, automobiles, and
robots [3-5]. Mainstream control methods for PMSMs include variable voltage and fre-
quency control, vector control, and direct torque control. Variable voltage and frequency
control, essentially an open-loop control method, is susceptible to disturbances. The di-
rect torque control strategy exhibits some torque ripple due to hysteresis comparators [6].
Vector control, also known as field orientation control (FOC), involves multiple coordinate
transformations and intricate calculations. Among these control methods, vector control
stands out for its superior performance and minimal torque fluctuations.

In FOC control, two methods exist for obtaining rotor position information. One
method employs position sensors such as photoelectric encoders, magnetic encoders,
and rotary transformers to gather rotor position data. An alternative approach involves
estimating the rotor position without the use of a position sensor [7]. Sensorless methods
not only reduce cost, size, and weight but also mitigate environmental factors such as
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drastic temperature and humidity changes, small high-frequency vibrations, and dusty
environments. The PMSM’s noninductive control technology can be broadly categorized
into two groups: those suitable for medium- and high-speed anti-electromotive force and
flux estimation methods and those designed for low- and zero-speed operations with high-
frequency injection methods [8-11]. A key objective of sensorless control is to minimize
speed fluctuations.

Position sensors for PMSMs have garnered significant attention from researchers both
domestically and internationally. Currently, there is no sensorless control technology that
can be universally applied across the entire speed range. Sensorless control methods for
medium- and high-speed operations primarily include model reference adaptive control,
the sliding mode observer, the extended Kalman filter method, the Luenberger observer
method, and advanced artificial intelligence methods. For zero-speed and low-speed op-
erations, sensorless control methods mainly involve the rotating high-frequency injection
method and pulse high-frequency injection method [12,13]. In an investigation [14], a
PMSM sensorless control based on an extended Kalman filter, which offers strong active
disturbance capability, although it involves a substantial number of complex matrix op-
erations, was implemented. Several previous studies have investigated the use of sliding
mode observers for sensorless control [15,16], which reduces high-frequency jitter during
steady-state operation. Earlier studies [17,18] have introduced the high-frequency injec-
tion method to enhance steady-state accuracy by studying the insensitivity strategy of
adaptive observers. Finally, some researchers [19,20] have employed a Luenberger ob-
server for noninductive control, expanding the control speed range and enhancing active
disturbance resistance.

The most commonly employed control strategy for speed regulation in PMSMs is the
use of a PID controller. The fundamental principle of the PID controller is “error-based error
elimination,” which offers several advantages, such as a simple structure, fewer adjustment
parameters, and ease of implementation. However, the PID controller has limitations,
including an inability to address issues of overshoot and speed, tracking lag, susceptibility
to external disturbances, and the challenge of adapting a single set of control parameters to
different speeds. In cases where the speed range is extensive, multiple sets of coefficients
are often required to achieve optimal control outcomes.

The PMSM is a strongly coupled, multivariable, nonlinear control system, with chal-
lenges such as load disturbances and parameter perturbations. The ADRC, a novel non-
linear controller introduced by Mr. Han Jingqing of the Chinese Academy of Sciences, is
based on a comprehensive analysis of PID control [21,22]. It exhibits excellent dynamic and
static characteristics, robust active disturbance handling capabilities, and robustness.

ADRC technology has been widely applied in PMSM speed control systems.
Lu W et al. [23] enhanced the tracking accuracy of a PMSM by modeling and simulating
an improved ADRC controller. In a study [24], a comparative analysis between first-order
ADRC and PID controllers demonstrated that ADRC technology can initiate control without
overshoot and offers a faster response speed. A study [25] proposed the linear integration
method, which linearizes and parameterizes the extended state observer (ESO) in ADRC
for practical implementation. Some studies [26-28] have incorporated fuzzy control into
ADRC to improve the robustness and dynamic characteristics of PMSM speed control
systems. Li J et al. [29] replaced the speed loop with a first-order ADRC controller to
investigate changes in controller parameters, yielding favorable control results.

This article establishes a Luenberger observer within a two-phase stationary coordi-
nate system. Furthermore, this article derives the range of error feedback gains Kj, K;
required for the convergence of the Luenberger observer. The enhancement of rotor position
estimation is achieved by implementing a phase-locked loop. The design principle of the
ADRC was analyzed, a simulation model of a noninductive PMSM ADRC FOC control
was built based on the Luenberger observer, and the feasibility of a second-order ADRC
based on the Luenberger observer was verified. The feasibility of this control strategy
was substantiated through experimental validation, including a comparative analysis with
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traditional PI control. The outcomes of the experiments demonstrated that this control strat-
egy offers several advantages, including a wide speed range, absence of overshoot, rapid
response speed, minimal steady-state speed jitter amplitude, and robust active disturbance
handling capability.

The second section analyzes the mathematical model of PMSMs, and the third section
analyzes the method of estimating the position of PMSMs using the Luenberger observer.
The fourth section analyzes the PMSM ADRC control method. The fifth section constructs a
sensorless ADRC control model based on the Luenberger observer and conducts simulation
and experimental analysis. The sixth section provides an overview of the entire article.

2. Mathematical Model of PMSM

The PMSM represents a nonlinear, strongly coupled multivariable system that experi-
ences interactions between permanent magnets and windings during operation. Addition-
ally, it is affected by nonlinear factors such as magnetic circuit saturation, contributing to
a highly intricate electromagnetic relationship. The PMSM mathematical model includes
equations for voltage, flux, torque, and mechanical behavior.

For the embedded PMSM, L; = L;, and for the surface PMSM, L; # L; = Ls Ly and
L, are the stator inductance d-q axis components, and Ls is the stator inductance. For the
surface PMSM, the voltage equation in the «-[3 two-phase stationary coordinate system and
the equation in the Park transformation synchronous rotating coordinate system, obtained
through Clarke transformation, are denoted as Equations (1) and (2), respectively.

u,x:RSi,x—i—ddit“ )
T (1)
up = Rlp+ -3

g = Reig + W4 — 0, Lyi, 2
. d .
ug = Rsig + % + we (g + Laig)

Here, u, ug, ug, and u, are the stator voltages in the «-f3 and d-q coordinate systems;
i, ig, and iy, and i, are the stator currents in the o-3 and d-q coordinate systems; Rs is the
phase resistance; and ¢, Y, Y4, and 1, are the excitation winding fluxes of the - and
d-q axes. The magnetic linkage equations « and « and « and {3 are

Yo = Lsia + ¢y cos Oc
¢ﬁ = Lsiﬁ + 1l)f sin 6,
©)
We = Prw
0, = wet = prwt

Here, L; represents the stator inductance, § represents the permanent magnet flux,
w, represents the electrical angular velocity, 6, represents the electrical angle, 0 represents
the mechanical angle, w represents the mechanical angular velocity, and p;, represents the
polar logarithm.

The torque equation is (4):

Te = 1.5pu[¢ig + (Lg — Ly)igig) )

T, represents the electromagnetic torque, and for the surface PMSM, L; = L,
The mechanical torque equation is

dw

E:TE—TL—B(U (5)
J is the moment of inertia, T} is the load torque, and B is the damping coefficient. Combining
Equations (1)-(3) yields



Processes 2024, 12,906

40f18
Uy = Rgig + Ls% — Prpnw sin(ppwt) ©
6
. di
ug = Rsig + Ls 38 + 9 rpnw cos(puwt)
The back electromotive force of the PMSM is defined as
ex = —Psppw sin(pywt) ")
ep = Prpnw cos(pnwt)
The PMSM current state equation obtained by combining (6) and (7) is
din. _ up _ Rsin _ en
dt — Lg Ls Ls
(8)

diﬁ _ uﬁ Rsiﬁ E,B
dar T L Ls L,

3. Construction of the Luenberger Observer and Estimation of the Rotor Position
3.1. Construction of the Luenberger Observer

A system is deemed observable if it can reconstruct its internal state using detected
output values. A state observer is a tool that can estimate the internal state of a system
by relying on observed input and output values. In actual operation, the mechanical
parameters are much less influential than the electrical parameters are. Equations (7) and (8)

can be rewritten as .
aly Uy _ Rsly _ Ca
dt — Ls Ls Ls

dj o “;’3 Rsiﬁ eﬁ

dt — Lg Ls Ls
dey (9)
dt = T Pnweg
dflg
T = Pnwey
Assuming that the input vector is u = [ua,u/g] T, the intermediate state vector is

x = [in,ip, €a,ep] T and the output vector is y = [ia, ig] T the PMSM state equation can be
linearly expressed as
{ x(t) = Ax(t) + Bu(t)
y(t) = Cx(t)

A is the state matrix, B is the input matrix, and C is the output matrix of the Luenberger
observer constructed based on the PMSM position sensorless back electromotive force
mathematical model. The block diagram of the Luenberger observer model for PMSM is
shown in Figure 1.

The PMSM state observation equation can be expressed as

(10)

{ x(t) = A%(t) + Bu(t) + K(y — ) (11)

g(t) = Cx(t)

K represents the error feedback matrix. The model representation of the PMSM Luenberger
observer is

diy, _ o, ¢, 2 .
df ffs—Ts—fs'f'Kl(la_la)

di u R, é .
=11, — ¢ +tKilig—ip)
ddi;x = _PnWéa + KZ(fzx - izx)

dé N ~ .
£ = pnwép + Ka(ig —ig)

(12)
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Discretization processing includes

(k1) = fu(k) + D8
IRl T8 TR (7 (k) — (k)

S

ok +1) = ig (k) + 2

TRsig(k Teg(k ? 1
IR 0 TRy (k) — i (K)) 13)

According to Equations (12) and (11), the state matrix, input matrix, output matrix,
and error feedback matrix can be expressed as follows:

B 0 -+ 0 Ki 0 " 0
: 1
A= 0 -1 0 -1 _ 0 Ky B— 0 I C:F 0 0 0}
0 0 0 —puw Ky 0 0 0 0100
0 0 puw 0 0 K 0 0

To analyze the convergence of the state observer X , the state error vector is introduced

X=x—% (14)
The state error equation is
X=x—%
= Ax + Bu — ((A—KC)% + Ky + Bu)
= Ax + Bu — A% + KC% — Ky — Bu (15)

=Ax — A%+ KC% — Ky
=(A—KC)(x— %)
= (A—-KC)x

Equation (15) is a homogeneous differential equation, and the solution of Equation (15) is
%(t) = eAKOF(0), £ > 0 (16)

At this stage, it is essential to guarantee that the eigenvalues of the matrix A — KC
have negative real parts to enable the observed state & to converge toward the actual state x,
and the greater the absolute value of the negative real parts of the eigenvalues is, the faster
the convergence speed. The characteristic equation of the Luenberger observer is given by:

IAI- (A—-KC)| =

{)‘()\—Klﬁ-%)—l—%r (A K+ X )pnw =0 (17)

The eigenvalues of this matrix are

1 R, Rs\? 4K,
=K -k - 1
A 2{1 L. \/(1 Ls) L (18)




Processes 2024, 12,906 60f 18

The eigenvalues of a matrix should satisfy

K; < %
’ 2 (19)
Ky > % (K1 — IL%)

When the error feedback gains K; and K satisfy Equation (18), the state error variable
approaches 0 at a certain speed, and the smaller K is, the faster the convergence speed is;
however, more noise will be generated. By selecting suitable error feedback gains K; and
Ky, it is possible to ensure that the estimated back electromotive force closely approximates
the actual back electromotive force.

o=Luety] > B (>0 > Is C y:[iﬁiﬁ

+

. . T

A x—[za,lﬁ,ea,eﬁ]

State observer N
+
e
)%z[ia,iﬁ,ea,eﬁ]r

Figure 1. PMSM Luenberger observer model.

3.2. Estimation of Rotor Position and Speed

Through the observation and calculation of the back electromotive forces é, and ég
and the use and utilization of Equations (3) and (7), it becomes possible to determine the
position and speed of the rotor as follows:

{ 6, = —arctan(3)

(A

=

1 d6, (20)

The estimated back electromotive force includes noise signals, particularly at lower
speeds. This noise signal becomes more prominent, increasing errors during division
and arctangent calculations. A phase-locked loop method is employed to derive the rotor
position and speed from the estimated back electromotive force to enhance the estimation
accuracy of the rotor position and speed, particularly when the speed is not high and noise
signals are prominent. A block diagram illustrating the phase-locked loop for extracting
rotor position and speed is depicted in Figure 2.

The angle error signal Ae can be derived from the estimated inverse electromotive
force sine—cosine signal. When the estimated angle is very close to the actual angle,
sin(6, — ée) ~ (6, — ée) can be considered, and according to the trigonometric function
relationship, the following equation can be obtained:
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Ae = —e, cos ée —ep sin ég
— 1pf?7nw(sir} 6, cos B, — cos 8, sin 6,) 1)
= nsin(6 — 0)
~n(f—0)

The mechanism diagram of the phase-locked loop (PLL) according to Formula (21)
can be simplified as Figure 3.

>
A COS 0
e% "
“ne ée
A Qo Pl » 1/S o
€s -
sin
Figure 2. Structural diagram of the PLL.
@
>

0% k [» PI 1/S >

SN

Figure 3. Structural block diagram of the PLL.

According to Figure 3, the transfer function of the PLL is

>
e

k:
_ klpt+d)t
e Kiv1
1+k(kp+ 5 )S (22)
_ kkps+kk;
- 52+kk‘ys+kk,‘

G(s) =

|

Equation (22) shows that G(s) has a low-pass filtering effect, which can weaken the
high-frequency harmonics when estimating the electrical angle. The angle and speed
information extracted using a phase-locked loop exhibit superior observation accuracy and
increased robustness.

4. Construction of the PMSM Second-Order ADRC

The control of the speed loop and current loop in PMSM control systems mostly relies
on the classical PI control strategy, which has low requirements for controller performance
and is easy to implement. However, this approach cannot balance system overshoot
and speed and has weak resistance to load disturbances. The ADRC builds upon the
fundamental concept of error feedback control found in PID controllers, employing errors
to rectify errors and resolve the tradeoff between overshoot and fast response. It primarily
comprises three components: a tracking differentiator, an extended state observer, and
nonlinear error state feedback. This approach does not rely on the mathematical model of
the control object, which features a straightforward structure, ease of implementation, and
favorable dynamic/static characteristics.

By incorporating PID control as a foundation, this approach introduces methods for
“arranging transition processes” and the real-time “extraction of differential signals”. Addi-
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tionally, an extended state observer is introduced to estimate and counteract the unknown
model and external disturbances in real time, thereby enhancing controller performance.

The tracking differentiator (TD) serves as a nonlinear tracking differentiator capable
of effectively filtering out higher-order harmonic disturbances in the signal. Properly
arranging the transition processes enhances the system response speed, effectively prevents
overshoot, and generates the differential signal of the input signal. This results in the swift
and accurate tracking of input signals, addressing the tradeoff between response speed
and overshoot.

The ADRC treats the unmodeled portion of the system as an internal disturbance,
combining it with external disturbances to form the total disturbance of the system. The
extended state observer (ESO) not only estimates the system’s state variables but also
provides real-time estimates of the “sum disturbance” arising from model uncertainty and
external disturbances. This compensates for this in the control law, significantly improving
the system’s active disturbance handling capability.

Nonlinear state error feedback (NLSELF) not only compensates for disturbances but
also achieves control of the system with the principle of “small errors with large gain and
large errors with small gain,” thereby enhancing control accuracy.

The differential equation representation of uncertain objects subject to unknown
disturbances is as follows:

{ = f(x, %, ~,x"=D ) £ d(t) + bu(t)
x(t

23
) (23)

Here, f(x,x, ~, x(1=1) t) represents an unknown function, d(f) represents an un-

known disturbance, y represents the system output, and u(t) represents the system control
variable. A schematic diagram of the standard ADRC [30] is shown in Figure 4.

Vi +
X (f ) n-th , + ”(t) controlled Y (t)
My NLSEF object g
Zn+1
Z: i (n+1)-th
z ESO

Figure 4. The structural diagram of ADRC.

If the PMSM corner is known 6 and the angle differential signal w, according to
Equations (4) and (5), the second-order state expression of speed w is

Set Ky = 15pnlpf, T; =T, + Bw

dw )
Iﬁ = Kslq — Td
Lo g di

]dt(;} - KST? - Td
=, - £ (ﬁq — g + Rsig + w¢f) T, (24)
= bily +a(t)

: : o ugKs
where a(t) is the disturbance term, b = NI

a(t) = 7[Tq (aq — g + Reig + a)i,bf) —Tyl.
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Let w be the state variable x; and the angular acceleration be the differential x; of the
tracking signal. We expand the disturbance term a(t) to the state variable x3.
The discrete expression of the second-order ADRC for the PMSM speed is as follows:
Tracking differentiator:
x1(k+1) = xq1(k) + Txa (k) (25)
xo(k+1) = xp(k) + Tfhan(x(k) — w(k), x2(k),r, hy)

T represents the integration step size, while r determines the tracking speed parameter,
often referred to as the speed factor. h; is the filtering factor responsible for determining the
filtering effect. In this context, x1 (k) represents the tracking signal of the input signal and
xy(k) is the differential signal of the input signal. The function fhan(-) denotes the fastest
synthesis function of the discrete system.

d:ﬂ’ll; d():l’lld
y =x1+hixy —o(k); a9 = +/d?*+ 8r|y]

a—{ Xy + ao 4) Ly > do

26

x2+m,|y|§do (26)

fsr={ el =d
—rsign(a),|a| > d
Extended state observer

e = z1(k) —y(k)
z1(k+1) = z1(k) + T(z2(k) — Bore)
zp(k+1) = zp(k)+ (27)

T(z3(k) — Bozfal(e(k), ao1,6) + bou(k))
Zg(k + 1) = Z3(k) — Tﬁog,fal(e(k),am, 5)

Among these variables, z;(k) and z,(k) correspond to the differentials of the actual
speed output y(k) and the tracked speed output y(k) of the controlled object, respectively.
z3(k) represents the summation of disturbances in the controlled object, and it is compen-
sated for by providing feedback to the control variable u(k). The compensation factor for
this process is denoted as by.

Nonlinear state error feedback:

er = x1(k) — z1(k)
ex = x2(k) — z2(k)

28
Mo(k) = ﬁlfal(el,oq,(S)—|—ﬁ2fal(ez,1x2,(5) (28)
k
u(k) = uo(k) — 5
The nonlinear feedback function fal(-) is
|x|°sgn(e), |e| > 6
fal = (29)
6(%), le| <&

The fal(-) function represents a mathematical fitting that aims to achieve “small error
with large gain, large error with small gain”. Various control techniques, including variable
gain PID, fuzzy control, and intelligent control, are built upon this control concept.

To attain optimal control outcomes, it is essential to make judicious adjustments to the
control parameters of the tracking differentiator, extended state observer, and nonlinear
error feedback components within the ADRC framework.



Processes 2024, 12,906

10 of 18

5. Analysis of the Experimental Results
5.1. Model Simulation and Results Analysis

By utilizing a control strategy with i; = 0, all stator currents are transformed into
torque currents. The structural diagram of the noninductive FOC ADRC for the PMSM,
which relies on the Luenberger observer, is depicted in Figure 5. Following the sampling
of the three-phase current with a resistor, it is converted into 7, and ig through a Clarke
transformation, with one input directed to the Luenberger observer and the other subjected
to a Park transformation.

] — B
1
TD > NLSEF (N PI |% !
Set id=0 A- Ipark SVPWM
[ P W VBl

Iq

i

Park . Clark
2 «lb
s L Eso [©

2 N n
A A 0 ea M
\"
-— Longb AL
ADRC @ PLL é observer [+
L : it

Figure 5. Block diagram of the sensorless ADRC for the Luenberger observer.

The Luenberger observer results in the back electromotive force é,, ép, and after
passing through a phase-locked loop, éx, ég outputs the estimated angle 0 and angular
velocity @&. @ participates in the subsequent Park transformation and IPark transformation,
where the phase shift of an output from the IPark transformation is 90°. Input A is fed into
the space vector modulator (SVPWM), which generates six complementary symmetrical
PWM wave control signals to drive the PMSM for rotation. There is still some speed
fluctuation in the output speed of the noninductive Luenberger observer. To enhance
control quality, an ADRC controller is implemented within the framework of traditional
vector control, replacing the PI controller in the speed loop. However, the torque loop and
magnetic linkage loop continue to employ PI controllers.

An ADRC simulation model was built based on the Luenberger observer on the
Simulink platform, as shown in Figures 6-8. During the model building process, modules
from the Simulink library were used as much as possible. If it is impractical to measure
the V,, Vi, and V. signals during operation, the outputs Vo and Vg from the IPark
transformation can be directly utilized as inputs for the Luenberger observer.

The control effectiveness of the PI controller and the ADRC controller is verified
through the speed step response. The starting speed is set to 1000 r/min, and the control
parameters of the PI and ADRC controllers are adjusted to ensure that the time needed for
the controller to reach a steady state is basically the same.

The parameters used during the simulation process are shown in Table 1.

Table 1. Simulation process parameter table.

Parameter Value Parameter Value
Luenberger—K; 155,000 ADRC—f31 250
Luenberger—Kj 140,000 ADRC—-4, 1.2

ADRC—r 0.1 ADRC—B¢1 2000

ADRC—h 0.25 ADRC—B¢> 2100

ADRC—ay 0.5 ADRC—B¢3 2400

ADRC—a, 0.75 Pl—ky /ki 0.4/0.02
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x_1 4b@—ie1
1000r/min

X 2 v »le2 Gain2 y ADRC_OUT
N2 A2 ESO1
TD NLSEF
il
u
z2 speed L]
/ e
—z3
& From

Figure 6. ADRC simulation module.

ADRC

From1

Universal Bridge

Measure

»  [Vabc]
Vabc ,
labc_out

Figure 7. PMSM simulation module based on FOC.

theta_out

ADRC_OUT1

Luenberger Observer

Figure 8. Luenberger observer module.
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The system simulation time was set to 0.5 s, a 4 Nm load was applied to the PMSM at
0.3 s, and the speed, current, and torque simulation test results of the PI and the ADRC

were compared.
The results of the speed step response test are shown in Figure 9.

1200 — PI-Speed
— ADRC-Speed
800 H a
1100 T T T .
.5
= i 4
£ 600 1050 ]
i 185}
S 400 | 1
950
200 1
900 : ‘ : ‘ ‘
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
or 4
2200 I I I I I I I I I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time: s

Figure 9. Speed step response results.

Based on the speed simulation test results, it can be deduced that both the PI control
method and the ADRC control method can rapidly reach the desired position. Both achieve
the preset target speed in approximately 0.015 s. Following a 0.3 s loading period, both the
PI control mode and the ADRC control mode can sustain stable operation.

The speed error variation curves of the ADRC and PI control modes during stable
operation at speeds ranging from 0.2 s to 0.5 s are shown in Figure 10.

1 0 T T T
75 — PI-Speed-Err B
— ADRC-Speed-Err| |

e

T I

Speed-Err: r/min

27F
30 b | 1 | 1 |
0. 0.25 0.3 0.35 0.4 0.45 0.5

Time: s

Figure 10. Speed error variation curve.
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From the speed error variation curve in Figure 10, it can be concluded that both before
and after loading, the steady-state speed error of the PI control method is greater than that
of the ADRC method.

Before 0.3 s, during steady-state operation without loading, the maximum speed error
fluctuation in the PI control mode was 7.5 r/min, with a minimum value of —15 r/min.
In contrast, the ADRC control mode exhibited a maximum speed error fluctuation of
2.5 r/min, with a minimum value of —12 r/min. After 0.3 s of loading, during steady-state
operation, the maximum speed error fluctuation in the PI control mode was —5 r/min,
with a minimum value of —27 r/min. On the other hand, the ADRC control mode had
a maximum speed error fluctuation of —3 r/min, with a minimum value of —18 r/min.
Overall, the ADRC control method demonstrates superior steady-state error and resistance
to load disturbances compared to the PI control method.

The simulation test results of the three-phase current for the PI control mode and
the ADRC control mode during the speed operation are shown in Figures 11 and 12,
respectively. The red, green, and blue curves in the figure represent the three-phase current
of U, V, W. The locally enlarged figure A in the Figures 11 and 12 represents the current
in the no-load state. The locally enlarged figure B in the Figures 11 and 12 represents the
current under load condition.

From Figures 11 and 12, it is evident that during the no-load process, when given a
target speed, both the three-phase current of the PI control and ADRC control methods
increase rapidly. As the speed gradually approaches the specified target speed, the current
gradually converges to 0. However, after applying a 4 Nm load for 0.3 s, the three-phase
current undergoes an immediate change in a sinusoidal pattern. Figure 11 and the locally
enlarged inset A in Figure 12 reveal that during no-load operation, the three-phase current
amplitudes in both control methods are small. However, the PI control method exhibits
significant sinusoidal current distortion. At this time, the electromagnetic torque generated
primarily balances resistance factors such as PMSM friction and cogging torque. After
applying a 4 Nm load for 0.3 s, as seen in locally enlarged image B, the three-phase
current amplitudes in both control methods range between [—4.8A, 4.8A]. Nevertheless,
the distortion level of the three-phase current in the PI control method is considerably
greater than that in the ADRC control method.
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Figure 11. Three-phase current variation curve of the PI control method.
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Figure 12. Three-phase current variation curve of the ADRC control mode.

The torque simulation test results for both the PI control mode and the ADRC control
mode during speed operation are displayed in Figure 13. The locally enlarged figure
A in the Figure 13 represents the torque variation curve under no-load condition. The
locally enlarged figure B in the Figure 13 represents the torque variation curve under
load conditions.
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Figure 13. Torque variation curve.

Figure 13 clearly shows that during the no-load process, at the specified target speed,
the torques of both the PI control and ADRC control systems exhibit rapid increases. As the
torque increases from 0 to its peak value, the PMSM accelerates at a gradually increasing
rate. Upon reaching the peak torque, it steadily decreases, and as the torque diminishes
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from its peak back to 0, the PMSM experiences an acceleration characterized by gradually
diminishing acceleration. When the PMSM reaches the target speed and the torque drops
to 0, it maintains a constant speed. Examining the magnified view in image A, it becomes
apparent that during constant-speed operation before 0.3 s of loading, the torque does
not reach 0 due to the necessity of overcoming its inherent frictional damping force. The
maximum torque fluctuation for the PI control method is 1.5 Nm, with a minimum value
of —0.5 Nm. Conversely, the maximum torque for the ADRC control mode is 0.5 Nm, and
the minimum value is 0 Nm. After applying a 4 Nm load at the 0.3 s mark, the PMSM'’s
electromagnetic torque rapidly adjusts to 4 Nm, serving to counterbalance external loads
and maintain the rotor’s rotation at 1000 r/min. In the magnified view presented in image
B, the maximum torque for the PI control method is 5.5 Nm, with a minimum of 3.5 Nm.
For the ADRC control method, the minimum torque is 4 Nm and the maximum is 4.5 Nm.
Notably, the torque fluctuation observed in the ADRC control method is smaller than that
in the PI control method.

5.2. Experimental Results

To verify the effectiveness of the proposed sensorless ADRC control method for PMSM
based on the Luenberger observer in this paper, we employed the STM32F4 controller. The
experimental setup, depicted in Figure 14, was utilized for this purpose. In the course of
the experiments, a magnetic powder brake was employed to impart a load onto the PMSM.
The essential parameters of the PMSM are detailed in Table 2.

L
N

Figure 14. Experimental testing system.

Table 2. Basic Experimental Parameters.

Name Value Unit
Maximum speed 5000 r/min
Rated voltage 24 \Y%
Rated torque 0.318 Nm
Rated current 4.6 A
Moment of inertia 0.0588 kg-m2 104
Line resistance 0.75 (@)

Weight 0.8 kg
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At the starting time, a target speed of 1000 r/min is given, and at 10 s, a load of 0.2 Nm
is applied with a speed loop execution frequency of 400 Hz. Figure 15 presents the results of
the ADRC control method, which is based on the Luenberger observer, alongside the speed
test results for the PI control method, which is also based on the Luenberger observer. The
locally enlarged figure A in Figure 15 represents the speed variation curve under no-load
conditions. The locally enlarged figure B in Figure 15 represents the speed variation curve
under load conditions.
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Figure 15. Speed test results.

The PI control parameters and the ADRC control parameters are adjusted to achieve
the target speed at the same time. From the speed experiment results, it can be concluded
that given a speed step signal of 1000 r/min, the times required for both to reach the target
speed are the same. A zoomed-in image A shows that during stable operation without
loading for 0 to 10 s, the minimum speed fluctuation in the PI control mode is 976 r/min,
and the maximum speed fluctuation is 1015 r/min, and the minimum speed fluctuation in
the ADRC control mode is 985 r/min, and the maximum speed fluctuation is 1015 r/min.
After a 10 s interval, a certain static error becomes evident in both control methods that
lack sensors. The ADRC control method, based on the Luenberger observer, exhibits a
minimum speed fluctuation of 880 r/min and a maximum of 915 r/min. Similarly, the
speed fluctuation of the PI control method, which also utilizes the Luenberger observer,
reaches a minimum of 850 r/min and a maximum of 880 r/min. Based on the results of the
speed experiment, it can be concluded that when utilizing the Luenberger observer, the
ADRC control method demonstrates superior resistance to load disturbances. The ADRC
controller enhances the speed control accuracy in sensorless operation with the Luenberger
observer, reduces the speed jitter amplitude during sensorless steady-state operation, and
enhances the system’s resilience to load disturbances.

6. Conclusions

This article presents an approach to inductive vector ADRC for permanent magnet
synchronous motors that relies on the Luenberger observer. It establishes mathematical
models for the Luenberger observer and the second-order ADRC, along with deriving the
range of error feedback gain required for the Luenberger observer’s convergence. This
study conducts a comprehensive analysis of simulation outcomes, including speed, cur-
rent, and torque, for both the ADRC sensorless control method based on the Luenberger
observer and the PI sensorless control method based on the Luenberger observer. Addition-
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ally, experimental verification is performed for these two control methods to validate the
effectiveness of the proposed control strategy through both simulation and physical testing.

The findings indicate that the ADRC sensorless control method, which relies on the
Luenberger observer, enhances the speed control accuracy during sensorless operation,
diminishes the speed jitter amplitude in sensorless steady-state operation, and increases
the system’s resilience to load disturbances.
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