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Abstract: Modern control systems’ dependability, safety and efficiency have all been improved by studying fault-tolerant control systems 
(FTCS). FTCS techniques can typically be active or passive controls. The fault detection and diagnosis (FDD) method is used in this 
study’s active control branch to identify probable faults that could develop in the speed Hall sensors of brushless DC motors (BLDC).  
FDD methodologies can be categorised into two types, depending on the available data and the process involved: model-based methods 
and data-based methods. The proposed approach in this study explores the implementation of the Luenberger observer methodology  
as part of the model-based approach. The chosen methodology was practically implemented and subjected to experimental evaluation. 
The proposed observer relies on the residual signal, which displays the difference between the plant’s observed and estimated speed  
signals and serves as a failure alert for the entire system. Given the increasing demand for BLDC motors in various industrial control  
applications, including medical fields, automation and robotics, this particular motor was selected as a benchmark to thoroughly evaluate 
and validate the proposed method. The primary contribution of this paper lies in the real-time application of model-based sensor fault  
detection methods to BLDC motors. The efficiency of the suggested method is showcased through extensive MATLAB simulations, where 
the obtained results confirm the successful detection of faults with a high level of responsiveness. As a result, the project was successfully 
implemented in real-time, and the experimental results exhibited a close correlation with the simulated outcomes. This consistency  
between simulation and practical implementation validates the accuracy and reliability of the proposed methodology for detecting faults  
in the BLDC motor speed sensor. The results underscore the heightened reliability and safety attained by promptly and accurately  
detecting sensor faults during the operation of the motor. 
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1.   INTRODUCTION 

Fault-tolerant control systems (FTCS) are a cohesive collec-
tion of advanced control functions designed to ensure exceptional 
system safety by operating seamlessly as a unified entity. Two 
types of FTCS can be distinguished: passive FTCS and active 
FTCS [1]. This paper focusses on the study of fault detection and 
diagnosis (FDD), which falls under the category of active fault-
tolerant control methods. During the last two decades, fault toler-
ance control (FTC) has garnered significant attention in various 
critical industrial applications. The need to enhance the reliability 
and safety of electrical systems is on the rise in numerous indus-
trial applications. Industrial applications encompass a variety of 
uses, such as electrical motors, industrial production lines and 
aircraft systems. The BLDC motor has gained significant populari-
ty in recent times and has emerged as one of the most extensively 
utilised electrical motors in various industrial applications, includ-
ing water pumps, hybrid vehicles and industrial robots [2]. In 
comparison to other motor types, BLDC motors have higher effi-
ciency, lower noise, a higher speed range and greater durability 
[3]. The FDD is a technique used by researchers interested in 
fault tolerance control to increase electric motors’ dependability 
and safety [5]. An abrupt system fault that occurs when a device 
(such as a motor) is in use could result in expensive downtime, 

environmental harm or even danger to people [1]. Some faults can 
be detected early because they decay more slowly than others, 
enhancing safety, preventing system failures, minimising product 
damage and extending the overall equipment life [6]. Electrical 
and mechanical faults are the two categories of electrical motor 
faults. Electrical faults can be attributed to several causes, includ-
ing rotor damage, stator winding short circuit, broken end rings 
and inverter faults. Mechanical faults can stem from various 
sources, such as shaft misalignment, gearbox problems and 
bearing damage [7, 8]. For motors to work properly, sensors are 
crucial. When investigating a motor fault and diagnostics, sensor 
faults pose a major challenge. Electric motors can be monitored, 
and faults can mainly be found using the model-based and data-
based methods. The model-based approach compares the sys-
tem’s mathematical model with the actual plant’s behaviour. The 
method utilises the residual signal, obtained by computing the 
difference between the actual process (measured signal) and the 
model’s estimation (estimated signal). There are several methods 
for residual generation, including observer-based generation, 
parity equations and parameter estimation [9]. For fault detection, 
observer-based and parameter estimation techniques are most 
frequently utilised [10]. A data-driven method, on the other hand, 
is distinguished by the absence of the need for a dynamic model 
of the real process. The fault detection technique is entirely based 
on the utilisation of measured and analysed physical parameters 
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to extract fault signatures, enabling the detection and diagnosis 
processes [11]. The current issue faced by the industry in the 
context of BLDC motors is the reliability and accuracy of speed 
sensor fault detection. Traditional methods of detecting faults in 
speed sensors may not be suitable for real-time applications and 
may lead to inaccurate or delayed fault detection, potentially 
causing safety concerns and operational inefficiencies. The prob-
lem encountered in this research is to develop a robust and real-
time speed sensor fault detection system for BLDC motors that 
can accurately and promptly detect any faults in the speed sensor. 
This problem poses a significant challenge due to the complex 
dynamics of BLDC motors and the need to ensure precise fault 
detection without compromising the motor’s performance. The 
research aims to address this issue by proposing and implement-
ing a Luenberger observer-based fault detection methodology. 
This method leverages the benefits of observer-based techniques 
to achieve real-time and reliable detection of speed sensor faults 
in BLDC motors, thus enhancing the overall system’s safety and 
efficiency. Numerous significant contributions have been made in 
the area of BLDC motor fault detection. Skora and Kowalski [12] 
discuss the impact of a Hall-effect sensor defect for rotor position 
determination on motor operation. In Sova et al. [4], an algorithm 
for enabling the operation of a BLDC motor drive with one faulty 
Hall position sensor has been introduced. In Tashakori and 
Ektesabi [13], a fault-tolerant control system for BLDC motor has 
been presented, focussing on the Hall-effect position sensor 
failure. In Zandi and Poshtan [14], a method for detecting bearing 
faults in the BLDC motor was introduced, which involved the 
utilisation of Hall-effect sensors and wavelet transform. A new 
methodology for active fault-tolerant control has been developed 
in Allous and Zanzouri [15], addressing simultaneous faults in 
both the actuator and sensor. The innovative approach incorpo-
rates the integration of a Luenberger observer and a bond graph 
linear fractional transformation model as key elements of its work-
ing strategy. In this context, Saoudi et al. [16] introduce a novel 
fault detection approach employing a Luenberger observer, which 
is based on a bond graph model. This method is particularly appli-
cable for constructing a full-order observer in the context of linear 
systems. In Al-Mutayeb and Almobaied [17], a Luenberger ob-
server and MATLAB software method were utilised to simulate a 
speed sensor fault on a BLDC motor. This paper presents a signif-
icant contribution by applying model-based sensor fault detection 
methods to the MOONS’ BLDC motor in real-time scenarios. 
Specifically, the study introduces a Luenberger observer to effec-
tively detect speed sensor faults in the motor. The schematic 
diagram of the proposed method is illustrated in Fig. 1. 

 
Fig. 1. The BLDC motor’s Luenberger observer 

The remainder of this paper is structured as follows: In Sec-
tion 2, the mathematical model of MOONS’ BLDC motor is pre-
sented in detail. Section 3 presents a comprehensive description 
of the Luenberger observer method. Section 4 presents hardware 
and software design and implementation. Section 5 provides 
simulation and experimental results of the suggested Luenberger 
observer approach. Finally, Section 6 presents the conclusion of 
the study and outlines potential areas for future research. 

2.   MATHEMATICAL MODEL 

2.1   A BLDC motor overview 

BLDC motor connections usually take the form of a star (Y) 
connection. However, the BLDC motor of MOONS’ Company 
uses a delta (∆) winding connection. The equivalent circuit of the 
BLDC motor demonstrates the delta winding connection, as de-
picted in Fig. 2. 

 
Fig. 2. Delta winding connection in BLDC motor circuit [18] 

Fig. 3 illustrates the utilisation of a 30 W BLDC motor manu-
factured by MOONS’ Company for industrial applications. Table 1 
provides the parameter specifications extracted from the BLDC 
motor datasheet [19]. 

 
Fig. 3. The 42BL30L2-5 is a BLDC motor manufactured  

 by MOONS’ Company 

Tab. 1. The Specifications of the 42BL30L2-5 MOONS’ BLDC motor 

Motor Details Value 

Drive voltage nominal 𝑈N 24 V 

Poles number 6 

The number of phases 3 

Rotational speed nominal 𝑛N 4,000 RPM 

Winding current nominal 𝐼N 1.67 A 

Resistance to ph/ph 𝑅a 1.34 Ohm 
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Ph/ph inductance 𝐿a 0.00115 H 

Inertia of the rotor J 0.0388e-4 kg/m2 

The coefficient of friction B 1.718e-4 Nm/rad/sec 

Back EMF constant 𝐾b 0.0281 Vrms/rad/sec 

Torque constant 𝐾t 0.043 Nm/Arms 

2.2   Transfer Function 

The transfer function represents “the ratio of angular velocity 
(𝜔m) to the source voltage (𝑉S)”. It can be expressed as [20]: 

T.F =
𝜔m

𝑉s
=

1
𝐾b

⁄

𝜏m∙𝜏e∙𝑆2+𝜏m∙𝑆+1
  (1)

In modelling BLDC motors, the mechanical and electrical time 
constants serve as essential parameters to consider. The me-
chanical time constant (𝜏m ) and the electrical time constant ( 𝜏e) 
of a BLDC motor are defined as follows [17]:  

𝜏m =
3∙𝑅a∙𝐽

𝐾b∙𝐾t
  (2)

𝜏e =
𝐿a

3∙𝑅a
  (3)

The mechanical time constant (𝜏m), obtained from Eq. (2), is: 

𝜏
m

= 0.0129 𝑠𝑒𝑐 

The electrical time constant (𝜏e), obtained from Eq. (3), is: 

𝜏e = 2.8606𝑒−4𝑠𝑒𝑐 

The resulting transfer function is as follows: 

 T.F =
35.587

3.690𝑒−6∙𝑆2+0.0129∙𝑆+1
  

2.3   Modelling the MOONS’ BLDC Motor using State-Space 
Representation 

The observer for fault detection in BLDC motors was created 
using state-space modelling. The general form of a state-space 
model is represented as follows [21]: 

ẋ(𝑡) = Ax(𝑡) + Bu(𝑡)  (4)

y(𝑡) = C(𝑡)  (5)

Where u(t) is the input, x(t) represents the state, A is the state 
matrix, B is the input matrix, C is the output matrix and y(t) is the 
output. 

To satisfy the requirements, the state vector x(t) has been 
carefully designed [22]: 

x1(𝑡) = ω(𝑡) =
𝑑θ(𝑡)

𝑑𝑡
  (6)

x2(𝑡) = i(𝑡)  (7)

ẋ(𝑡) = (𝜔̇
𝑖
) = (

−
𝐵

𝐽

𝐾t

𝐽

−
𝐾b

𝐿a
−

𝑅a

𝐿a

) 𝑥 + (
0
1

𝐿a

) 𝑢 (8)

y(𝑡) = ω(𝑡) = (1   0)𝑥  (9)

where ω(t) denotes angular velocity and i(t) denotes motor 
current. 

Consequently, the matrices A, B and C are defined as follows: 

A = (
−

B

J

Kt

J

−
Kb

La
−

Ra

La

) , B = (
0
1

La

) ,  C = (1    0)(10)

Upon substituting the parameter values into Eq. (10), the ma-
trices A, B and C can be obtained as the following: 

A = (−44.28 1.108e4

−24.43 −1165
) , B = (

0

869.6
) , C = (1     0) 

 3.   METHOD OF LUENBERGER OBSERVER 

The basic idea underlying the Luenberger observer approach 
is to approximate the real system states based on the available 
measured data [23]. The residual signal is generated to compare 
the estimated states from the observer with the observed states of 
the actual system. Following that, the residue is computed by 
subtracting the observer’s output signals from the measured 
signals [24]. Fig. 4 depicts a functional schematic of the real sys-
tem with the Luenberger observer model, which is utilised for 
defect detection approaches. The state-space model serves as 
the foundation for the Luenberger observer design for defect 
detection.  

 
Fig. 4. Diagram of the functionality of the real system  

 and observer models 

The Luenberger observer can be constructed using the follow-
ing equations [23]: 

x̂̇(𝑡) = Ax̂(𝑡) + Bu(𝑡) + Le(𝑡)  (11)

ŷ(𝑡) = Cx̂(𝑡)  (12)

e(𝑡) = y(𝑡) − ŷ(𝑡)  (13)

where 𝑥̂(𝑡) represents the estimated system state t, 𝑦̂(𝑡) repre-
sents the estimated output, L is the observer gain matrix and e(t) 
is the output error that is the difference between the actual meas-

ured output y(t) and its estimated value 𝑦̂(𝑡). 
Substituting Eq. (13) in Eq. (11): 

x̂̇(𝑡) = [A − LC]x̂(𝑡) + Bu(𝑡) + Ly(𝑡) (14)

The estimated error can be expressed as follows: 

e(𝑡) = x(𝑡) − x̂(𝑡)  (15)

By computing the first derivative of e(t), we can derive the rate of 
change of the output error, expressed as: 
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ė(t) =
𝑑

𝑑𝑡
(x(𝑡) − x̂(𝑡)) = Ax(𝑡) + Bu(𝑡) − Ax̂(𝑡) − Bu(𝑡) −

LC(x(𝑡) − x̂(𝑡))    (16a)

The error’s dynamics can be expressed as follows: 

ė(𝑡) = (A − LC)(x(𝑡) − x̂(𝑡))  (16b)

To achieve faster observer dynamics compared to the real 
system dynamics, the eigenvalues of the matrix (A-LC) are strate-
gically placed to define the observer error dynamics [21]. 

The residual signal, denoted as r(t), is computed based on the 
measured and estimated speeds. The calculation of the residual 
r(t) is performed in the following manner:  

r(𝑡) = y(𝑡) − ŷ(𝑡)  (17)

Examination of the residual value enables the automatic de-
tection of faults. Thus, when the residual signal approaches zero 
or becomes negligible, it indicates that the system is operating 
without any faults. Conversely, if the residual signal deviates 
significantly from zero, it signifies the occurrence of a specific fault 
in the system. The flowchart depicted in Fig. 5 outlines the imple-
mentation of the Luenberger observer for fault detection, as pro-
posed in this study [25].  

 
Fig. 5. Flowchart for fault detection using the Luenberger observer 

4.   HARDWARE AND SOFTWARE DESIGN  
AND IMPLEMENTATION 

The experimental setup in this paper comprises a diverse ar-
ray of software and hardware components, as elaborated in detail 
throughout the study. The design of the drive circuits for the BLDC 
motor was carried out utilising the software Proteus 8.6. The 
Luenberger observer was also designed using Simulink, which is 
a special toolbox of the MATLAB numerical calculation software. 
The interface can be programmed with Simulink. The interfacing is 
done via the Arduino Mega 2560 board. With the Simulink support 
package for Arduino hardware, it becomes possible to develop 
and execute Simulink models directly on the Arduino Mega 2560 
board, enabling seamless integration between Simulink and the 
physical hardware [26]. 

4.1   BLDC Motor Design and Implementation for BLDC Motor 
Using Simulink 

Since BLDC motors only work when the input voltage phase 
changes, phase signal generation is a part of the Simulink design 
for the BLDC motor. A signal with three different phase delays is 
required for a three-phase BLDC motor. A PWM generation block 
is used to generate these three-phase signals. Simulink generates 
PWM signals that are programmed for Arduino Mega 2560. The 
BLDC motor drive receives the PWM output from the programmed 
Arduino Mega 2650. Fig. 6 displays a PWM generation block that 
generates PWM signals and transmits these signals to digital pins 
(32, 34, 36, 38, 40, 42) in Arduino Mega 2560. Fig. 6 illustrates 
the internal Simulink design for PWM generation.  

 

Fig. 6. Internal Simulink design of PWM 

 
Fig. 7. PWM generation 

All generations of PWM signals are similar, but the phase at 
the output of each pin varies (32, 34, 36, 38, 40, 42) for the PWM 
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signals generated as shown in Fig. 7. Inside the PWM block, a 
dead time block was integrated in. Its function was to allow the 
inverter arm switches to not operate together, ensuring that a key 
can open before another closes by changing the block’s parame-
ters [27]. The full parameterisation of this block is presented in 
Fig. 8. The dead time between the pulses given to two compli-
mentary switches is shown in Fig. 9. 

In order to achieve precise control over the position and speed 
of the BLDC motor, it is essential to employ either Hall sensors or 
an EMF input signal to accurately determine the rotor’s position 
and speed. The present research specifically utilises Hall sensors 
to measure and calculate the rotor speed. Fig. 10 depicts the 
software function designed to receive the input of Hall-effect 
sensors from the Arduino Mega pins (3, 4, 5). 

 
Fig. 8. Internal Simulink design of dead time 

 
Fig. 9. Complementary PWM pulses with dead time 

 
Fig. 10. Design of Hall-effect sensors in display 

Fig. 11 displays the three signals obtained from the BLDC mo-
tor through the Hall-effect sensors, utilising the Arduino Mega as 
the interface. 

 
Fig. 11. Hall sensor signals 

To achieve speed and position control of the BLDC motor, it is 
necessary for the motor to rotate in accordance with the inputs 
received from the Hall-effect sensor. Indirectly, the phase must 
change in comparison to the Hall sensor inputs [28]. It is known 
that the corresponding phase signals are solely activated for a 
specific pair of MOSFETs. Fig. 12 shows the pairs of MOSFET 
switches inverter.  

 
Fig. 12. MOSFET switches inverter 

Therefore, we need to match the input of the Hall sensor with 
the states of a pair of MOSFETs in order to obtain the correspond-
ing phase signals. Typically, the Hall-effect sensor input circuit 
consists of 101, 100, 110, 010, 011 and 001 [16]. The matching of 
the input and switching conditions of the Hall-effect sensor are 
intended to control the speed and position of the BLDC motor. 
This matching is achieved using two internal logic blocks; the first 
block is a decoder block, which receives the input signals of the 
Hall sensor and performs calculations. The decoder block is 
shown in Fig. 13. Fig. 14 depicts the internal Simulink design for 
the decoder block. The calculated outputs from the decoder block 
go to the comparison logic circuit for selecting the PWM signal in 
the second block, which is the gate block as shown in Fig. 15; and 
the internal Simulink design for gates block is shown in Fig. 16. 

 
Fig. 13. Decoder block design 
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Fig. 14. Internal Simulink design for decoder block 

 
Fig. 15. Gates block design 

 

Fig. 16. The total internal Simulink design for gates block 

The BLDC motor speed in RPM is calculated using the Hall 
sensor inputs. The following equations were used for Simulink 
block design (Hall to RPM) to read the speed of BLDC motor. The 
rotor’s angular velocity can be expressed as follows: 

𝜔Hall =
d𝜃m

dt
  (17)

where (ωHall) rotor angular velocity is calculated by Hall sensors.  
The electrical rotor angle and the mechanical rotor angle are 

interrelated in the following manner [29]: 

𝜔Hall =
2

𝑝
.

d𝜃e

dt
  (18)

where (𝜃e) represents the electrical rotor angle [° el], (𝜃m) the 

mechanical rotor angle [° el] and (p) the number of poles. 
The Hall sensor will change the state of each electric 60° and 

by measuring the time between each state change, we can obtain 
the angular velocity. Converting the angular velocity to RPM gives 
the final equation [30]: 

𝜔Hall−RPM =
60

360
.

2

𝑃
.

60

∆𝑇s
  (19)

where 𝜔Hall-RPM represents the rotor speed calculated by Hall 

sensors in RPM and ∆𝑇s the difference between the last two 
known time samples generated by Hall state switching. 

 
Fig. 17 depicts the Simulink design used to determine the 

speed of a BLDC motor. 

 
Fig. 17. Outer Simulink design to find speed in RPM 

The Simulink internal design for determining the speed in 
RPM is illustrated in Fig. 18. 

 

Fig. 18. Internal Simulink design to find speed in RPM. 

 
Fig. 19. Measured speed output of MOONS’ BLDC motor in RPM 

 

Fig. 20. Comprehensive Simulink design for BLDC motor 



Yousef Al-Mutayeb, Moayed Almobaied, Mohamed Ouda                           DOI 10.2478/ama-2024-0019 
Real-time Simulation and Experimental Implementation of Luenburger Observer-Based Speed Sensor Fault Detection of BLDC Motors 

150 

Fig. 19 shows the MOONS’ BLDC motor’s measured output 
speed in RPM. 

By referring to Fig. 20, it can be observed that the compre-
hensive Simulink design enables the successful initiation of the 
BLDC motor and the effective control of its speed. 

4.2   Setup for Experimental Testing of BLDC Motor 

The measurement data are read into the PC by Arduino Mega 
2560, which can also process data in real time. The interface can 
be programmed with Simulink, in MATLAB. The experimental 
setup consists of seven parts, namely MOONS’ BLDC motor, 
power supply with three DC channel, Arduino Mega 2560, invert 
circuit, driver circuit, Hall sensors circuit and the host computer. 
The host computer is used to execute control algorithms and is 
connected to the BLDC motor. The Arduino Mega 2560 microcon-
troller is responsible for controlling and regulating the motor 
speed. The schematic diagram of the hardware implementation is 
illustrated in Fig. 21, and Fig. 22 shows the corresponding photo 
of the experimental setup. 

 
Fig. 21. Schematic diagram of the equipment setup 

 
Fig. 22. The photo of the experimental setup of the BLDC motor 

4.3   Hardware Implementation Details 

4.3.1   Arduino Mega 2650 (Motor controller) 

The Arduino Mega 2560 serves as a hardware interface, facili-
tating communication and interaction between the computer, 
sensors and actuators. To acquire real input and output data from 
the physical system, the Arduino Mega 2560 is programmed using 
MATLAB’s Arduino block set on Simulink. This enables the gen-
eration of a PWM signal that controls the six switches of the three-
phase inverter. Next, the inverter is connected with the motor’s 
phases (U, V and W) and receives speed measurement from the 

Hall sensors (𝐻1, 𝐻2 and 𝐻3). Fig. 23 illustrates a simplified 
block diagram depicting the motor controller. 

4.3.2   Inverter circuit design 

Inverters are power electronic circuits that convert direct 
current (DC) to alternating current (AC) power sources. The 
inverter output has three alternating voltage signals with a delay of 

120°. The inverter has a DC link that will be converted by 
switching MOSFETs into AC voltage. The BLDC motor is driven 
by three-phase inverters. In our system, we need to use a three-
phase inverter with six switches (N-channel MOSFETs), which are 
divided into three up/down arms. Fig. 12 depicts a circuit diagram 
for an inverter; the upper arm includes upper bridge switches (A+, 
B+ and C+), and the lower arm includes lower bridge switches (A–
, B– and C–). The inverter circuit design is accomplished using 
Proteus 8.6 software. In this circuit, the MOSFET (IRF740 N) is 
used. Fig. 24 shows the practical implementation of printed circuit 
board (PCB) for the inverter. 

 
Fig. 23. Simplified diagram of the motor controller 

 
Fig. 24. The photo of the PCB board 
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When the bridge switch encounters a situation wherein, at the 
same time, one arm up and another down are turned on, a short 
circuit, resulting from serious damage to the circuit, will occur. As 
a result, there are six types of switching patterns based on the 
complementary switching principle of the up and down bridge. 
However, this solution results in the high-side gate driving prob-
lem. Special gate driving techniques are required for high-side n-
channel switches. TLP250 isolated gate driving, transformer 
isolated gate driving, and bootstrap technique are the solutions to 
the problem [31]. The bootstrap technique is used in this paper 
because it is simple. The IR2110 integrated circuit is selected, and 
the datasheet for the same is available from the ALLDATASHEET 
website [32]. Additionally, the IR2110 driver itself aids in resolving 
this issue. In order to prevent the switchers from conducting at the 
same time as the IR2110, an internal delay is introduced to the 
structure of the device, as illustrated in Fig. 25. 

 
Fig. 25. Internal block diagram of the IR2110 

 
Fig. 26. The electronic block diagram of the IR2110 driver [34] 

 

Fig. 27. The photo of the PCB board for the IR2110 driver circuit 

Fig. 26 illustrates the electronic block diagram of the IR2110 
drive circuit. The driver circuit is repeated thrice (each driver trig-
gers the complete inverter arm). Additional details can be found in 
the study of Tahmid [33]. 

The drive circuit was designed using Proteus 8.6 software for 
the BLDC motor speed sensor test. 

The practical implementation of the IR2110 driver circuit is 
depicted in Fig. 27 on the PCB. The technical specifications of 
components and driving parameters are presented in Table 2. 

Tab. 2. Technical specifications of components and driving parameters 

Component/parameter Specification 

Power source 24 V 

Controller Arduino Mega 2560 

Inverter drive IR2110 

MOSFET IRF740 

Switching frequency 500 Hz 

4.3.3   Hall-effect Sensors 

The Hall-effect sensors (H_1, H_2 and H_3) are also de-
scribed using other terms (in relation to all sensors), for instance 
as “a transducer that changes the output voltage as a result of a 
change in the magnetic field”. Fig. 28 shows the Hall-effect princi-
ple. 

 
Fig. 28. Hall-effect principle [35] 

 
Fig. 29. The block diagram represents the circuitry of the Hall sensor 
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Fig. 30. The photo of the PCB board for Hall sensor 

 
Fig. 31. Testing circuit for Hall sensor 

 
Fig. 32. Visualisation of Hall sensor output with a voltage scale of 2 V/div 

Hall-effect sensors are utilised for both rotor position determi-
nation and embedded speed detection within the stator itself. This 
will send a digital signal (high or low), which will detect the posi-
tion of the rotor [34]. Hall-effect sensors are placed at 120° elec-
trical apart. For every 60°, one of the Hall sensors changes its 
state. The output of Hall-effect sensor is fed to the controller 
(Arduino Mega 2650) for the triggering of the MOSFET circuit, 
which requires a 5 V supply for its sensor. The connection of Hall 
sensor circuit is shown in Fig. 29. 

The Hall-effect sensor circuit is designed using Proteus 8.6 
software. Fig. 30 shows the practical implementation of PCB for 
the Hall-effect sensor circuit. A normally closed switch has been 
added to the circuit, to induce a fault in the Hall-effect sensor. 

The BLDC motor speed sensor was experimentally tested by 
interfacing the Hall-effect sensor circuit with the Simulink models 
on the Arduino Mega 2560 board. Subsequently, the digital pins 

(32, 34, 36, 38, 40, 42) were connected to six LEDs for monitoring 
and observation. Fig. 31 shows the testing circuit for the Hall 
sensor. Then we manually move the BLDC motor step by step at 
each step until two LED lights are lit. 

The waveforms of Hall sensor signals were recorded and 
stored using a digital storage oscilloscope. Fig. 32 displays the 
output signal of one of the Hall sensors. 

5.   SIMULATION AND REAL-TIME RESULTS 

The proposed Luenberger observer for the BLDC motor was 
thoroughly evaluated for its effectiveness and accuracy through a 
combination of simulation and real-time experiments. In the ex-
perimental setup, all tests were conducted in real-time, with a 
sampling time of T_s=1 ms. All experiments for the MOONS’ 
BLDC motor were conducted using an input voltage of 5 V, which 
corresponds to an operational speed of 416 RPM. The BLDC 
motor models were developed and simulated using 
MATLAB/Simulink. Various well-known faults were examined to 
assess the motor speed, as outlined in Farmen and Zarchi [36]: 

 Additive fault: It arises from variations in internal temperature 
or calibration inaccuracies, leading to alterations in the motor’s 
output behaviour. The additive fault manifests itself when an 
extra constant value is introduced to the speed sensor output. 
Two types of additive faults exist: abrupt faults that occur in-
stantly, and intermittent faults that appear and disappear re-
peatedly. Abrupt faults are commonly attributed to hardware 
damage, while intermittent faults are often caused by partial 
wire damage [3]. In Simulink, the abrupt fault model can be 
simulated using a step function, whereas the intermittent fault 
model can be represented by a series of pulses with varying 
amplitudes. 

 Multiplicative fault: This type of fault occurs when multiplier 
coefficients are applied to the sensor, resulting in distorted 
measurements or outputs. An incipient fault is an example of 
this type of fault, characterised by gradual parametric changes 
occurring over time. It is often attributed to the natural aging 
process of the system [3]. To model the incipient fault in Sim-
ulink, a ramp function can be utilised to accurately represent 
the gradual development of the fault over time. 

 Sensor fault: This is a critical fault that occurs when a sensor 
fails at a specific time, typically due to disconnection, leading 
to a constant zero output after the fault occurrence [3]. To 
simulate a sensor fault in Simulink, the speed signal can be ef-
fectively modelled by multiplying it by zero. This fault was ex-
perimentally executed by briefly disconnecting the speed sen-
sor from the motors and then re-connecting it, or by temporari-
ly cutting off the power to the motors. 
The fault detection thresholds are established by considering 

the highest values observed in the residuals from several experi-
ments. The two threshold types are as follows: fixed threshold and 
adaptive threshold [37]. The paper utilised a fixed-type threshold, 
and several fault-free motor tests were conducted to determine 
the values of both the upper and lower thresholds. When the 
residual value exceeds a predefined threshold, the alarm is acti-
vated to signal the presence of a fault. The alarm was implement-
ed using a buzzer device. Furthermore, the alarm is triggered 
upon the occurrence of this fault. In Fig. 33, the Luenberger ob-
server for the BLDC motor is presented as part of the simulation 
design. 
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This work presents a real-time Simulink design of the fault de-
tection method using the Luenberger observer for the BLDC 
motor, as depicted in Fig. 34. In this paper, we will demonstrate 
the remarkable consistency between simulation and practical 
implementation results for each type of fault applied. 

 

Fig. 33. Luenberger observer simulation design for BLDC motors 

 

Fig. 34. Luenberger observer simulation (in real time) for BLDC motor 

5.1   Simulation Results: Normal Operation of BLDC Motor 
without Faults 

In this particular simulation, the speed of the BLDC motor  
is fault-free, meaning that no faults are intentionally introduced  
or present in the system during the test. Fig. 35 presents  
the simulated output and estimated speeds of the BLDC motor, 
while Fig. 36 illustrates the resulting residual output. 

Fig. 36 clearly demonstrates that the residual generation sig-
nal is nearly zero, providing an accurate determination of the 
threshold value. 

 
Fig. 35. Simulation of the BLDC motor’s output and estimated speeds 

without fault 

 
Fig. 36. Simulation of residual output for a BLDC motor without a fault 

5.2   Experimental Results: Normal Operation of BLDC Motor 
without Faults 

This experiment was conducted under normal conditions, with 
no fault present in the speed sensor of the BLDC motor. The 
implementation of this experiment was carried out in real-time, 
enabling online execution. In Fig. 37, the output speeds are illus-
trated in both their measured and estimated forms, with no faults 
detected. 

 
Fig. 37. Measured and estimated speeds with no fault. 

 
Fig. 38. Residual output with upper threshold value 0.05 and lower 

threshold value –0.01848 

The obtained results closely resembled the simulation results 
when no fault was present. Multiple experiments were conducted 
on the fault-free BLDC motor to establish the threshold value 
based on the residual generation. During the first test, the upper 
threshold value was set to 0.05, and the lower threshold value 
was –0.01848, as indicated in Fig. 38. In the second test, the 
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upper threshold value was adjusted to 0.0425, while the lower 
threshold value remained at –0.01848, as shown in Fig. 39. Accu-
rate knowledge of the threshold values is crucial for designing the 
alarm system to detect faults in the motor speed. 

 
Fig. 39. Residual output with upper threshold value 0.0425 and lower 

threshold value –0.01848 

Upon examining Fig. 39, it becomes apparent that the non-
zero residual generation is attributed to the presence of noise in 
the BLDC motor and potential errors in the observer design pa-
rameters. To mitigate false alarms, higher and lower threshold 
values of 0.05 and –0.01848, respectively, were chosen for the 
residual value. These threshold values were adopted for BLDC 
motor tests to implement the alarm. 

5.3   Simulation Results: Abrupt Fault in BLDC Motor 

An abrupt fault is induced in the speed sensor of the BLDC 
motor at the eighth second through the addition of a constant 
value to the sensor reading, as illustrated in Fig. 33. This fault did 
not work in real time for the BLDC motor. In Fig. 40, the output 
simulation is shown together with an estimate of the BLDC motor 
speeds, and Fig. 41 shows the residual output. The fault detection 
method proved to be successful at the time of its occurrence. 

 
Fig. 40. Simulation of a BLDC motor’s output and estimated speeds with 

an abrupt fault 

 

Fig. 41. Residual output simulation with an abrupt fault 

Upon analysing the data presented in Fig. 41, it becomes evi-
dent that the residual value exceeds the established threshold 
level. The successful detection of the fault, as indicated by the 
observation, confirms the occurrence of a fault in the sensor’s 
speed. 

5.4   Analysis of Sensor Incipient Fault in BLDC Motor: 
Simulation Results 

In Fig. 33, the application of an incipient fault to the speed 
sensor of the BLDC motor is depicted. The incipient fault was 
applied to the output speed at the 12th second. Simulink was 
utilised to simulate the fault applied to the BLDC motor. Fig. 42 
displays the simulation output and estimated speeds of the BLDC 
motor, whereas Fig. 43 showcases the residual output. These 
figures provide evidence of the successful completion of the fault 
detection process at the time of its incidence. 

In Fig. 43, it can be observed that the residual value exceeds 
the threshold value at the beginning of the 12th second, signifying 
a fault in the speed sensor. 

 
Fig. 42. Simulation of a BLDC motor with an incipient fault’s output and 

estimated speed 
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Fig. 43. Residual output simulation with an incipient fault 

5.5   Simulation Results: Intermittent Fault in BLDC Motor 

In this section, an intermittent fault is introduced to the speed 
of the BLDC motor, as illustrated in Fig. 33. In this implementa-
tion, a constant value is periodically added to the sensor reading. 
At the fifth, eighth and 11th seconds, intermittent faults with the 
amplitudes of 1, 1.5 and 2, respectively, were applied to the out-
put speed. Each signal is characterised by a pulse width of 1 s. 
The implementation of this fault for the BLDC motor was not 
performed in real-time; instead, it was executed as a simulation 
using Simulink. Fig. 44 depicts the simulation results of the BLDC 
motor’s output and estimated speeds, while Fig. 45 shows the 
residual output. The success of the fault detection technique is 
apparent. 

 
Fig. 44. Simulation of a BLDC motor’s output and estimated speeds with 

an intermittent fault 

 
Fig. 45. Residual output simulation with an intermittent fault 

In Fig. 45, the observed residual value exceeds the pre-
established threshold level. 

5.6   Analysis of Sensor Fault in BLDC Motor: Simulation 
Results 

To simulate these faults, it is essential to apply a multiplication 
factor of zero to the speed signal. In Fig. 46, both the simulated 
and estimated speeds of the BLDC motor are illustrated, while 
Figure 47 displays the residual output. 

 
Fig. 46. Simulating BLDC motor speeds in the presence of sensor fault 

 
Fig. 47. Residual output simulation with sensor fault 

As shown in Fig. 47, the residuals value at the moment of the 
fault falls below the threshold value, indicating successful fault 
detection. 

5.7   Sensor Fault in BLDC Motor Experiment Results 

A sensor fault occurs when the speed sensor is disconnected 
from the BLDC motor. The implementation was specifically con-
ducted on the output speed at the 2nd second. After 1 s, the 
sensor was reconnected. This fault was implemented in real-time 
during online operation. In Fig. 48, the response of the measured 
and estimated speeds is depicted, while Fig. 49 illustrates the 
output of the residual generation. The fault detection process was 
successfully executed in this scenario. 
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Fig. 48. Measured and estimated speeds with sensor fault 

 
Fig. 49. Output residual with a faulty sensor 

In Fig. 49, it can be observed that a sensor fault is detected when 
the residual value falls below the threshold at the time of the fault 
occurrence. Once the fault is detected, the alarm is activated as 
an indication of its presence. 

6.   CONCLUSION AND FUTURE WORK 

This research explores the application of model-based meth-
ods, specifically the utilisation of Luenberger observers, to detect 
potential faults in the speed sensor of a BLDC motor. 
The proposed method’s effectiveness was evaluated by subject-
ing the speed sensor of the BLDC motor to four different fault 
types: sensor fault, abrupt fault, intermittent fault and incipient 
fault. The proposed method involves the deployment of a thresh-
old algorithm for generating a residual signal that serves as an 
indicator of sensor fault. The effectiveness of the proposed meth-
od is validated through a combination of simulation and real-time 
experiments. It is recommended that an adaptive threshold can be 
used for residual signal in a future work. 
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