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Abstract 

Accurate speed and flux estimation are important conditions for achieving high-performance and low-cost 

control. Therefore, this study first constructs a mathematical model and space vector pulse width modulation 

control method for asynchronous motors. Then, a simple speed estimator, an extended Kalman filter speed 

estimator, and a full-order magnetic flux observer speed estimator are established in the speed estimation 

module. Finally, based on the Euler voting algorithm, a fault diagnosis and fault-tolerant control method for 

speed sensors is designed. The results showed that under low-speed conditions, the average mean square errors 

of the speed estimators of the simple, extended Kalman filter, and full-order magnetic flux observer were 

0.7969, 0.9134, and 2.2526, respectively. The first two speed estimators had better performance, while under 

medium to high-speed conditions, the latter two speed estimators had a lower average mean square error and 

better performance. When various faults occurred, the research method could quickly determine the best 

performing speed estimator for feedback and effectively display the speed fluctuations caused by the faults. 

Finally, it smoothly switched to the speed sensorless mode and controlled the speed error within -5r/min-5r/min. 
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1. INTRODUCTION 

 

Due to the improvement of performance and 

efficiency of AC speed control systems, their 

application fields and scope are constantly 

expanding. The high-performance Asynchronous 

Motor (AM) speed control system can not only meet 

the energy-saving needs and improve energy 

efficiency but also adapt to the process requirements 

of industrial production and enhance China's 

automation level [1-3]. According to statistical 

results, about 69% of China's electricity 

consumption is consumed by electric motors, most 

of which are used to drive AMs [4]. AM has a simple 

structure, high reliability, and easy maintenance, and 

can adapt to various complex environments. It is 

currently a widely used driving equipment in 

industrial sites [5]. However, with the increasing 

demand for performance and control accuracy of 

speed control systems in modern industrial 

applications, these requirements make it difficult for 

control systems to meet them solely by improving 

hardware equipment performance. Therefore, it is 

even more necessary to address these requirements 

from a control perspective [6]. In addition, system 

failures can also affect the safety and stability of its 

operation [7]. Given this, researching Fault 

Diagnosis (FD) and Fault-Tolerant Control (FTC) 
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for AM is crucial for modern production in the 

industrial sector. In response to the above issues, this 

study first establishes an AM mathematical model 

and its control method and then constructs a speed 

estimator based on different speed methods. Finally, 

based on the Euler's Vote (ESV) algorithm, FD and 

FTC methods for velocity sensors are designed. This 

study aims to improve the performance and 

efficiency of motor systems and reduce economic 

costs while ensuring performance. This has a 

positive promoting effect on industrial applications 

and socio-economic development. Its innovation 

mainly has the following two points. The first point 

is to propose three speed estimators in the speed 

estimation module of AM: Simple Speed Estimation 

(SSE), Extended Kalman Filter (EKF), and Full-

Order Magnetic Flux Observer (FOMFO), to 

achieve accurate speed estimation across the entire 

speed range. The second point is to design an AM 

speed sensor FD and FTC method based on the ESV 

algorithm, aiming to achieve safe and stable 

operation of AM with small speed errors even after 

a fault occurs. 

 

2. RELATED WORKS 

 

The AM control method can effectively control 

and maintain the electrodes, thereby extending the 
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service life of the motor, reducing the maintenance 

and replacement costs of the motor, and improving 

the reliability and stability of the equipment. 

Numerous scholars have conducted in-depth 

discussions and analyses on this matter. Layate et al. 

developed a dynamic control method and combined 

it with a maximum power point tracking controller 

to improve the performance of three-phase induction 

motors powered by photovoltaic systems. This 

method has become an ideal structure for remote 

areas, and simulation experiments have shown its 

universality [8]. Teguia et al. aimed to design 

effective robust control laws for indirect magnetic 

field orientation control devices, proposing integral 

sliding film control and fuzzy membrane control to 

ensure the effectiveness of permanent magnet AM in 

the normal operating region. Based on the linear 

quadratic regulator, the optimal feedback gain was 

given, which confirmed the feasibility of this method 

[9]. Daoudi et al. proposed two improved strategies 

for direct torque control of AM. One strategy was 

based on sine pulse width modulation and 

proportional integral regulator, while the other was 

based on sliding membrane control. Both methods 

could improve control performance and enhance the 

reliability of the entire system [10]. 

Due to various reasons, the control system may 

encounter various faults during operation, which 

poses a huge challenge to the stability and reliability 

of the system. FD and FTC technologies have 

emerged to address this issue. Li et al. achieved a 

composite diagnosis of traction motors based on a 

Support Vector Machine (SVM) combined with 

sensor technology to guarantee the safe operation of 

trains. This method improved the practical efficiency 

of FD [11]. Xia et al. proposed a nonlinear auto-

regressive model and limit learning machine to 

achieve a real-time FD method for unidirectional 

PWM rectifiers. Tests have shown that this method 

has fast fault detection speed and robustness to load 

fluctuations [12]. Gholipour et al. designed a current 

sensor FTC method without speed measurement to 

improve the reliability of induction motors. This 

method could improve the system’s reliability and 

security in the event of a malfunction [13]. Shabbir 

et al. proposed a sensor FD and active FTC method 

based on an adaptive Radial Basis Function network 

for uncertain nonlinear systems. The feasibility and 

superiority of the research method have been 

verified [14]. 

In summary, current research achievements 

focus on vector control technology for AM and 

speed estimation using a single speed sensor, but a 

single method makes it difficult to achieve accurate 

estimation in various speed ranges. Therefore, this 

study designs an AM speed sensor FD and FTC 

method based on the ESV algorithm to solve the 

above problems. 
 
 

 
 
 

3. SPEED SENSORS FD AND FTC BASED ON 

ESV ALGORITHM 

 

This study first constructs the control method and 

mathematical model of AM, then establishes speed 

estimators using different methods, and finally 

proposes speed sensor FD and FTC methods based 

on the ESV algorithm. 

 

3.1. Establishment of AM control method and 

mathematical model 

AM is an AC motor that converts 

electromechanical energy into mechanical energy by 

generating electromagnetic torque through the 

interaction between the rotating magnetic field in the 

air gap and the induced current in the rotor winding. 

It accounts for about 90% of electric-powered 

machinery in various countries [15-16]. As a high-

order, nonlinear, and strongly coupled multivariable 

system, it is difficult to control [17]. Therefore, this 

study uses vector control theory to convert vectors in 

a Three-Phase Coordinate System (TPCS) into DC 

variables in a two-phase rotating coordinate system, 

to control the Torque Current and Excitation Current 

(TC-EC) components corresponding to the stator 

current. Firstly, the AM model is constructed under 

TPCS, assuming that spatial harmonics, magnetic 

saturation, and iron losses need to be ignored. 

Normally, the AM model includes the equations of 

voltage, magnetic flux, electromagnetic torque, and 

electromechanical motion. The specific expressions 

for each equation are as follows. The calculation of 

the magnetic flux equation is shown in equation (1). 

[
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𝑍𝐴𝐴  𝑍𝐴𝐵  𝑍𝐴𝐶   𝑍𝐴𝑎  𝑍𝐴𝑏  𝑍𝐴𝑐

𝑍𝐵𝐴  𝑍𝐵𝐵  𝑍𝐵𝐶    𝑍𝐵𝑎  𝑍𝐵𝑏  𝑍𝐵𝑐

𝑍𝐶𝐴  𝑍𝐶𝐵  𝑍𝐶𝐶   𝑍𝐶𝑎  𝑍𝐶𝑏  𝑍𝐶𝑐

𝑍𝑎𝐴  𝑍𝑎𝐵   𝑍𝑎𝐶   𝑍𝑎𝑎  𝑍𝑎𝑏   𝑍𝑎𝑐

𝑍𝑏𝐴  𝑍𝑏𝐵   𝑍𝑏𝐶   𝑍𝑏𝑎  𝑍𝑏𝑏   𝑍𝑏𝑐

𝑍𝑐𝐴  𝑍𝑐𝐵   𝑍𝑐𝐶   𝑍𝑐𝑎   𝑍𝑐𝑏   𝑍𝑐𝑐 ]
 
 
 
 
 

 (1) 

In equation (1), 𝛼𝐴, 𝛼𝐵, 𝛼𝐶 and 𝛼𝑎, 𝛼𝑏, 𝛼𝑐 are the 

three-phase magnetic fluxes corresponding to the 

Stator Winding and Rotor Winding (SW&RW). 

𝑍𝐴𝐴, 𝑍𝐴𝐴, 𝑍𝐴𝐴, 𝑍𝑎𝑎, 𝑍𝑎𝑎, and 𝑍𝑎𝑎 are the self-

inductance of the 3-phase windings corresponding 

to the stator and rotor. 𝑖𝐴, 𝑖𝐵, 𝑖𝐶 , 𝑖𝑎, 𝑖𝑏, and 𝑖𝑐 are 

the three-phase currents corresponding to the 

SW&RW. The letters below 𝑍 represent the mutual 

inductance of different windings. The torque 

equation is shown in equation (2) 

 

𝐹𝑒 = 𝑛1𝑍𝑑ℎ{{𝑖𝐴𝑖𝑎 + 𝑖𝐵𝑖𝑏 + 𝑖𝐶𝑖𝑐} 𝑠𝑖𝑛 𝜃 + 𝑠𝑖𝑛(𝜃 +

120°) [𝑖𝐴𝑖𝑏 + 𝑖𝐵𝑖𝑐 + 𝑖𝐶𝑖𝑎 + 𝑖𝐴𝑖𝑐 + 𝑖𝐵𝑖𝑎 + 𝑖𝐶𝑖𝑏]}        

(2) 

In equation (2), 𝑛1, 𝜃, and 𝑍𝑑ℎ correspond to the 

number of motor poles, angular displacement, and 

mutual inductance between the stator and rotor. The 

voltage equation is shown in equation (3). 
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 (3) 

In equation (3), 𝑈𝐴 , 𝑈𝐵 , 𝑈𝐶  and 𝑈𝑎 , 𝑈𝑏 , 𝑈𝑐  are 

the 3-phase voltages corresponding to the SW&RW. 

𝑊  is a differential operator. 𝑅𝑑  and 𝑅𝑧  are the 

resistances corresponding to the SW&RW. The 

equation of motion is shown in equation (4). 

𝐹𝑒 = 𝐹𝑍 +
𝑔

𝑛1
𝑊𝜔                  (4) 

In equation (4), 𝐹𝑍, 𝑔, and 𝜔 correspond to load 

torque, moment of inertia, and rotor rotational 

angular velocity. The frequency conversion control 

method cannot have good dynamic performance. 

The above model indicates that it is a multivariate, 

strongly coupled mathematical equation, and 

therefore requires coordinate transformation 

processing for direct control in the future. The 

transformation of TPCS to a Two-phase Rotating 

Coordinate System (2RCS) involves two types: one 

is the transformation between a 3PCS and a 2-phase 

Stationary Coordinate System (2SCS), and the other 

is the transformation between a 2SCS and a 2RCS. 

The transformed AM mathematical model is as 

follows, and the expression of the magnetic flux 

equation is shown in equation (5). 
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0    𝑍𝑑   0     𝑍𝑑ℎ

𝑍𝑑ℎ 0    𝑍𝑧   0
0    𝑍𝑑ℎ  0    𝑍𝑧

]      (5) 

In equation (5), 𝛼𝑑𝜒 / 𝛼𝑧𝜒  and 𝑖𝑑𝜒 / 𝑖𝑧𝜒  represent 

the magnetic flux and current between the stator and 

rotor on the 𝜒  -axis. 𝛼𝑑𝛿 / 𝛼𝑧𝛿  and 𝑖𝑑𝛿 / 𝑖𝑧𝛿  are the 

currents of the stator and rotor under the 𝛿 -axis. 𝑍𝑑 

and 𝑍𝑧 are the inductance corresponding to the stator 

and rotor. The calculation of electromagnetic torque 

is shown in equation (6). 

𝐹𝑒 =
𝑛1𝑍𝑑ℎ

𝑍𝑧
(𝑖𝑑𝛿𝛼𝑧𝜒 − 𝑖𝑑𝛿𝛼𝑧𝜒)        (6) 

The expression for voltage is shown in equation 

(7). 

[
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0
0

] =
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[

𝑅𝑠 + 𝑊𝑍𝑑ℎ   − 𝜔𝑥𝑧𝑍𝑑ℎ           W𝑍𝑑ℎ           − 𝜔𝑥𝑧𝑍𝑑ℎ

𝜔𝑥𝑧𝑍𝑑           𝑅𝑠 + 𝑊𝑍𝑑ℎ         𝜔𝑥𝑧𝑍𝑑ℎ             𝑊𝑍𝑑ℎ

𝑊𝑍𝑑ℎ       − (𝜔𝑥𝑧 − 𝜔)𝑍𝑑ℎ   𝑅𝑟 + 𝑊𝑍𝑧   − (𝜔𝑥𝑧 − 𝜔)𝑍𝑧

(𝜔𝑥𝑧 − 𝜔)𝑍𝑑ℎ   𝑊𝑍𝑑ℎ          (𝜔𝑥𝑧 − 𝜔)𝑍𝑧    𝑅𝑟 + 𝑊𝑍𝑧

] 

(7) 

In equation (7), 𝑢𝑠𝜒 / 𝑖𝑠𝜒  and 𝑢𝑠𝛿 / 𝑖𝑠𝛿  are the 

voltage and current of the stator on the 𝜒 -axis and 

𝛿 . 𝑖𝑧𝜒  and 𝑖𝑧𝛿  are the rotor currents of the 𝜒 and 𝛿 

axes. 𝜔𝑥𝑧 is the synchronous angular velocity of the 

stator rotating magnetic field. 𝑅𝑠  and 𝑅𝑧  are the 

stator resistance and rotor resistance. The vector 

control system measures and controls the AM stator 

current vector, and based on the principle of 

magnetic field orientation, controls the TC-EC 

separately to achieve the goal of controlling the AM 

torque. At this point, it is necessary to convert the 

coordinate system and define the axes where the 

torques in the same direction as the 𝜒 and 𝛿 axes in 

the original coordinate system are located as the 𝐸 

and 𝑇  axes. From this, the corresponding 

expressions for speed and magnetic flux can be 

obtained, as shown in equation (8). 

{
𝑊𝛼𝑟𝑒 = −

1

𝑇𝐶
𝛼𝑟𝑒 + 𝛼𝑟𝑡(𝜔𝑥𝑧 − 𝜔) +

𝑍𝑑ℎ

𝑇𝐶
𝑖𝑑𝑒

𝑊𝛼𝑟𝑡 = −
1

𝑇𝐶
𝛼𝑟𝑡 + 𝛼𝑟𝑒(𝜔𝑥𝑧 − 𝜔) +

𝑍𝑑ℎ

𝑇𝐶
𝑖𝑑𝑡

  (8) 

In equation (8), 𝑇𝐶 , 𝑖𝑑𝑒 , and 𝑖𝑑𝑡  are the time 

constants of the rotor and the stator currents 

corresponding to the 𝐸  -axis and 𝑇  -axis. The 

formula for electromagnetic torque is shown in 

equation (9). 

𝐹𝑒 =
𝑛1𝑍𝑑ℎ

𝑍𝑧
𝑖𝑑𝑡𝛼𝑧                 (9) 

Based on the above content, the decoupling 

operation of AM stator current torque component 

and excitation component can be achieved, and the 

control of AM can be completed. The schematic 

diagram of the AM closed-loop vector control 

system framework is shown in Fig.1. 

 

Among them, Space Vector Pulse Width 

Modulation (SVPWM) primarily utilizes the ideal 

magnetic flux circle of the stator of a 3-phase 

symmetrical motor supplied with a 3-phase 

symmetrical sine wave voltage as a reference 

standard. This is achieved by appropriately 

switching between various switching modes of the 3-

phase inverter to form Pulse Width Modulation 

(PWM) [18-20]. In addition, SVPWM considers the 

inverter system and AM as a whole, making the 

model simpler and easier for real-time control by 

microprocessors. The simplified switch model and 

switch example of PWM inverter are shown in Fig.2. 

zz

Aɑ R

ASR

ABC

χδ  ACRa

ACRb

ACRc

Inverse 

Park 

transform

SVPWM 

control

IM3-
The rotor flux and orientation 

Angle are calculated

 
Fig. 1. AM closed-loop vector control system framework 
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Switch 1

Switch 3

Switch 5

Switch 4

Switch 6

Switch 2

C1

Grounding

C3 C4

G1G2 G3

A B

C

Grounding

(a) Switch model (b) Example of switch  
Fig. 2. Simplified switch model and switch example 

diagram of PWM inverter 

 

In Figure 2, 𝐺1 ∼ 𝐺3  is the open state of three 

bridge arms, with the open states of the upper and 

lower bridge arms set to 1 and 0, respectively, for a 

total of 8 states. 𝑈𝑀  is the bus voltage. Different 

states correspond to zero vector voltage, while other 

states generate voltage vectors of 
2𝑈𝑀

3
. In the switch 

example, 𝐺1 = 𝐺2 = 1  and 𝐺3 = 0  are the 

equivalent circuit in the current switch state. Under 

various switch states, the inverter will generate 

corresponding voltage vectors. In addition, SVPWM 

arranges the pulse width time duty cycle in a 

sinusoidal pattern, so that the output waveform can 

achieve sinusoidal output after appropriate filtering. 

The specific schematic diagram is shown in Fig.3. 

tO

u

tO

u

tO

u

tO

u

SVPWM wave

Change the pulse 

width in the same 

proportion

Equal impulse

Fig. 3. Sine wave output process based on SVPWM 

technology 

 

In Fig. 3, the sine half wave has N equal parts and 

is viewed as consisting of N interconnected pulses 

with equal widths but varying amplitudes in 

accordance with the sine curve. By replacing the 

pulse area enclosed by each equal sine curve and the 

horizontal axis with a rectangular pulse of equal 

area, a corresponding rectangular pulse sequence can 

be obtained, which is equivalent to a sine half wave. 

 

3.2. Speed estimation and FD and FTC based on 

ESV algorithm 

The speed of the motor is an important parameter in 

the control system. In motor speed control, the speed 

estimator can effectively suppress various internal 

disturbances and improve the overall system's 

dynamics and robustness. However, various speed 

control methods currently cannot achieve precise 

control of the entire process. Therefore, research is 

being conducted on combining different speed 

estimation methods for control, and the ESV 

algorithm is used in each stage to select the more 

accurate method for speed control. Due to the 

advantages of simple implementation and high 

computational efficiency of SSE (F1), EKF (F2) can 

handle non-linear problems such as AM well and 

handle sensor noise, while FOMFO (F3) can perform 

speed estimation over a wide operating range. 

Therefore, this study chooses the above method for 

speed estimation. In F1, there is a difference of one 

slip speed between the AM speed and the 

synchronous speed, which results in the AM speed 

𝜔𝑏, as shown in equation (10). 

𝜔𝑏 = 𝜔𝑏′ − 𝜔𝛥                   (10) 

In equation (10), 𝜔𝑏′  and 𝜔𝛥  are the AM 

synchronous speed and its slip speed. The expression 

for 𝜔𝛥 is shown in equation (11). 

𝜔𝛥 =
𝑍𝑑ℎ𝑅𝑧

𝑍𝑧

𝛼𝑧𝜒𝑖𝑑𝛿+𝛼𝑧𝛿𝑖𝑑𝜒

𝛼𝑧𝜒
2 +𝛼𝑧𝛿

2         (11) 

The structure of the F1 speed estimator is shown in 

Fig.4. 

F2 has two parts: the prediction stage and the 

correction stage. It mainly calculates the posterior 

probability distribution using Bayesian probability 

theory through the dynamic equations and 

observation equations of the system, linearizing the 

nonlinear system. The correction part requires 

calculating Kalman gain and updating the state and 

error covariance. Before the implementation of F2, it 

is necessary to discretize the AM model, as shown in 

equation (12). 

 

Stator 

current

Rotor 

flux

W

W

dh z

z

Z R

Z

2

1

z

Output AM speed

+

-

-

+

-

+

 
Fig. 4. Structure diagram of F1 speed estimator 
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{
𝑋2(𝑙) = 𝐷1𝑋2(𝑙 − 1) + 𝐾1𝑈2(𝑙 − 1)

𝑌2(𝑙) = 𝐶1𝑋2(𝑙)
    (12) 

In equation (12), 𝑋2(𝑙) is the current state variable. 

𝑈2(𝑙 − 1)  is the input quantity from the previous 

moment. 𝑌2(𝑙) = and 𝐷1  are the output matrix and 

system matrix. 𝐾1  and 𝐶1  are both input matrices. 

After the above processing is completed, it can be 

run according to the Kalman filter process. The 

principle of F3 is as follows: if the input and output 

of the controlled object can be observed, the state can 

be reconstructed through a full-order state observer 

based on this, and the state variables to be calculated 

can be estimated. The rotor flux and stator current 

are state variables that need to be observed, and an 

AM model in a stationary coordinate system needs 

to be constructed, as shown in equation (13). 

{
𝑊𝑋1 = 𝐷1𝑋1 + 𝐾1𝑈1

𝑌1 = 𝐶1𝑋1
             (13) 

The FOMFO mathematical model of AM is shown 

in equation (14). 

𝑊𝑋̂1 = 𝐷̂1𝑋̂1 + 𝐾̂1𝑈̂1 + 𝑄(𝑌 − 𝐶1𝑋̂)   (14) 

In equation (14), 𝑄 is the gain matrix. In general, the 

poles of the observer and the AM poles exhibit a 

positive correlation, with a ratio greater than 1, to 

ensure the stability of establishing the observer. 

Fig.5 shows the F3 framework. 

AM

Speed adaptive law

K1 C1

Q

1D̂



du di

1
ˆ

z

ˆ
di

+

-

+ +

+

Fig. 5. Schematic diagram of F3 speed estimator principle 

 

To further ensure the stability of the control system, 

this study designs an adaptive rate based on the 

Lyapunov stability theory. Firstly, the derivative of 

the Lyapunov function 𝑉  is calculated using 

equation (15). 

𝑊 = 𝑒𝑇𝑊𝑒 + 𝑒𝑊𝑒𝑇 + 2
(𝜔𝑧−𝜔̂𝑧1)

𝜓
𝑊𝜔̂𝑧1   (15) 

In equation (15), 𝜓  is a constant and 𝜔̂𝑧1  is the 

estimated speed value. By subtracting the Lyapunov 

function from equation (15), the differential equation 

of observer error can be obtained. Under the 

influence of the gain matrix and the actual motor, the 

change in magnetic flux is zero, and then the 

estimated speed can be obtained. Finally, the 

proportional integral structure replaces the speed 

estimation value to obtain the adaptive law of the 

speed, as shown in equation (16). 

𝜔̂𝑧1 = 

(
𝑘𝑖

𝑆
+ 𝑘𝑝) [𝛼̂𝑧𝜒(𝑖𝑑̂𝛿 − 𝑖𝑑𝛿) − 𝛼̂𝑧𝛿(𝑖𝑑̂𝜒 − 𝑖𝑑𝜒)] (16) 

In equation (16), 𝑆 , 𝑘𝑖 , and 𝑘𝑝  are complex 

variables, proportional coefficients, and integral 

coefficients. The proportional integral structure is 

sensitive to parameter variations and uncertainties in 

modeling and measurement. Given this, Lyapunov 

theory is used for asymptotic stability processing, 

and the speed estimation value is obtained through 

the adaptive feedback of the error between the 

estimated value and the actual value and the rotor 

magnetic flux composition. In summary, the 

construction of speed estimators for different 

methods can be completed. After the completion of 

the speed estimation module design, when it 

malfunctions, appropriate methods need to be used 

for efficient and rapid diagnosis. Therefore, this 

study proposes FD and FTC methods based on ESV 

algorithm. The FD method and ESV algorithm of the 

AM speed sensor are shown in Fig.6. 

Velocity estimator 1

Velocity estimator 2

Sensor Abs Comparator And

Fault 1 No fault is 0

Threshold value

Start End
Construct AM 

mathematical model

Speed sensor fault 

diagnosis

The ESV algorithm is used to 

determine the best speed estimator

(a) AM speed sensor fault diagnosis method

(b) ESV algorithm flow

+

+

-

-

 
Fig. 6. AM speed sensor fault diagnosis 

method and ESV algorithm 

 

In Fig.6, the three speed estimators compare the 

output sensor with the set threshold to determine if 

there is a fault. Output bit 1 indicates the presence of 

a fault, while the opposite is 0. In the ESV algorithm 

process, it is necessary to construct an AM speed 

sensor model, and then collect voltage, current, and 

speed signals. Finally, the algorithm can select the 

estimator with the smallest absolute error value as 

the feedback for the speed. In the FD section, the 

diagnostic strategy formula is shown in equation 

(17). 

{

|𝑒𝐹1| = |𝜔′𝑧 − 𝜔̂𝐹1|

|𝑒𝐹2| = |𝜔′𝑧 − 𝜔̂𝐹2|

|𝑒𝐹2| = |𝜔′𝑧 − 𝜔̂𝐹3|
               (17) 

In equation (17), |𝑒𝐹1| , |𝑒𝐹2| , and |𝑒𝐹2|  are 

the absolute values of the errors of F1, F2, and F3. 

The estimated values corresponding to F1, F2, and 

F3 of 𝜔̂𝐹1 , 𝜔̂𝐹2 , and 𝜔̂𝐹3 . 𝜔′𝑧  is the measured 

value of the speed sensor. If the estimated values 

exceed the threshold, it indicates a fault and the 

output is 1, otherwise the output is 0. When a 

disconnection fault occurs at time 𝑡0, the previous 

output value is normal, and the subsequent output 

values are all 0. When a fixed deviation fault occurs 

at time 𝑡0 , the output value will differ from the 

normal value by a constant thereafter. In the FTC 

section, when the above two types of faults occur, it 

is necessary to determine the speed feedback of 

different speed estimation methods through the ESV 

algorithm. The specific ESV algorithm calculation 

process is as follows: calculate the predicted value 

based on Euler approximation, compare it with the 

input value, and select the best speed estimation 

method, as shown in equation (18). 
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𝜔𝑝(𝑙) = 2𝜔𝑧(𝑙 − 1) − 𝜔𝑧(𝑙 − 2)        (18) 

In equation (18), 𝜔𝑧(𝑙 − 1)  and 𝜔𝑧(𝑙 − 1)  are 

the output values corresponding to the two time 

points on the AM speed sensor. When the AM speed 

sensor malfunctions, it needs to be divided into three 

stages: low speed, medium speed, and high speed. At 

each stage, it is essential to compare the predicted 

values with the estimated values of the two most 

accurate speed estimators for that stage. The speed 

estimator with the smallest absolute error should 

then be used as feedback on the speed, in order to 

facilitate FTC for faults in different speed stages. 

 

4. ANALYSIS OF FD AND FTC RESULTS 

BASED ON ESV ALGORITHM 

 

To verify the effectiveness and feasibility of the 

research method, the performance of speed 

estimation modules based on different methods was 

compared to determine the best speed estimation 

method for different speed stages. Further 

simulations were conducted on the FD and FTC 

methods based on the ESV algorithm. 

 

4.1. Performance comparison of speed 

estimation modules based on different 

methods 

To test the performance of individual different 

speed estimation methods, a 10kW AM speed sensor 

control platform is constructed for FD and FTC. The 

control core uses a high-performance floating-point 

digital signal processor TMS320VC33PGE150. The 

speed sensor uses a rotary encoder and is simulated 

using software Simulink. The simulation parameters 

are set as follows: the rated voltage, rated speed, and 

rated power of the AM are set to 380V, 1440r/min, 

and 4kW, respectively. The stator resistance and 

stator self inductance are set to 1.410Ω and 0.182H. 

The rotor resistance and rotor self inductance are set 

to 1.139Ω and 0.174H. The number of pole pairs is 

2. The parameter settings for the speed estimator are 

as follows: the load torque is set to 10N*m and rotor 

magnetic flux is set to 0.5Wb. The settings for 

different speed stages: low speed, medium speed, 

and high speed correspond to 120r/min, 500r/min, 

and 1200r/min, and the evaluation index is selected 

as Mean Square Error (MSE). Fig.7 shows the speed 

estimation and estimation error results based on 

different methods under different speed conditions. 

Figures 7 (a) to (f) show a comparison of speed 

estimation using different methods at low, medium, 

and high speeds. 7 (a) and 7 (d) show that under low-

speed conditions, the speed estimators 

corresponding to F1 and F2 have a higher degree of 

fit with the actual values. 7 (b) and 7 (e), 7 (c) and 7 

(f) indicate that the speed estimators corresponding 

to F2 and F3 perform better under medium and high 

speed conditions. From this, it can be determined 

that   F1   and   F3  are   selected   under   low-speed 
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Fig. 7. Speed estimation and estimation error 

results based on different methods under 

different speed conditions 
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conditions, while F2 and F3 are selected under 

medium to high-speed conditions. To further 

compare the performance of different methods, this 

study conducts three experiments for each method 

under various speed conditions, as listed in Table 1. 
 

Table 1. Comparison of MSE results based on 

different methods under different speed conditions 

Speed 

conditions 
Number 

RMSE/(r/min) 

F1 F2 F3 

Low 

speed 

1 0.8006 0.9075 2.2492 

2 0.7978 0.9124 2.2473 

3 0.7923 0.9203 2.2614 

Mean 

value 
0.7969 0.9134 2.2526 

Medium 

speed 

1 1.1035 0.7786 0.5902 

2 1.0917 0.7812 0.5795 

3 0.9996 0.7865 0.5823 

Mean 

value 
1.0649 0.7821 0.5840 

High 

speed 

1 1.2613 0.8592 0.4998 

2 1.2495 0.8572 0.5175 

3 1.2501 0.8785 0.5002 

Mean 

value 
1.2536 0.8650 0.5058 

 
In Table 1, under low-speed conditions, the 

average RMSE of F1, F2, and F3 are 0.7969, 0.9134, 

and 2.2526, with F1 and F2 performing better. Under 

medium speed conditions, the average RMSE of 

each method is 1.0649, 0.7821, and 0.5840, with F2 

and F3 performing better. Under high-speed 

conditions, F2 and F3 still perform better. In 

summary, it has been determined that F1 and F2 

speed estimators will be used as feedback for speed 

information under low-speed conditions, while F2 

and F3 will be used for medium and high-speed 

conditions. 

 
4.2. Simulation results of FD and FTC based on 

ESV algorithm 

To verify the simulation performance of FD and 

FTC methods based on ESV algorithm, this study 

first diagnoses the wire breakage fault and FTC, and 

also uses the corresponding optimal speed estimator 

for feedback at different speed stages. Due to the fact 

that in the testing of FD and FTC, the main focus is 

on exploring the instantaneous performance of speed 

sensors after various faults occur. A simulation step 

size that is too large can cause significant errors, 

while a shorter step size may lead to excessive 

computational complexity. The aim is to ensure the 

stability and accuracy of simulation results. The 

simulation cycle is set to 3 seconds. From this, the 

diagnostic effectiveness of different fault occurrence 

research methods can be obtained, as shown in Fig. 

8. 

Figures 8 (a) and (b) show the output values of 

fault A and B at different speed stages, and Fig.8 (c) 

shows the feedback results of fault FD at different 

speed stages. In 8 (a) and 8 (b), when a disconnection 

fault occurs, the output values of the AM speed 

sensor will quickly become 0 at different speed 

stages. Under the low-speed condition in 8 (c), the 

output flag has 3 and 2, with the former selecting F1 

speed estimator as feedback and the latter selecting 

F2. Under medium to high speed conditions, the 

output flag has 2 and 1, corresponding to F2 and F3 

as feedback, respectively. To further analyze the 

feasibility of the research method under different 

speed conditions, the speed feedback curve 

corresponding to the insertion of a wire break fault 

is analyzed, as shown in Fig. 9. 
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Fig. 8. The output values of wire breakage 

faults at different speed stages and the change 

curve of the marking line 

 
Figures 9 (a) to (c) show a comparison of the 

speed feedback results of the optimal speed 

estimator under low-speed, medium speed, and high-

speed conditions. In Fig.9, under various speed 

conditions, the fluctuation of the speed change curve 

is very small before the fault happens, while after the 

fault occurs, the speed change curve will experience 

significant fluctuations. The system can quickly 

switch to speed sensorless mode and determine the 
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optimal speed estimator for feedback through ESV 

algorithm. This confirms the effectiveness of the 

research method in FTC. To further evaluate the 

diagnostic effectiveness of the research method 

when a fixed deviation fault occurs, output values 

and feedback results are used for evaluation, as 

shown in Fig. 10. 
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Fig. 9. Comparison of speed feedback results 

under different speed conditions 

 
Figures 10 (a) and (b) show the output values of 

fixed deviation faults A and B at different speed 

stages, and 10 (c) is the feedback result at the time of 

occurrence. 10 (a) and 10 (b) show that after a fixed 

deviation fault occurs, the output value differs from 

the original normal value by a constant value of 10. 

In 10 (c), there are three types of output flags for 

feedback: 1, 2, and 3, corresponding to F3, F2, and 

F1. The above results can accurately provide speed 

feedback and performance when various faults 

occur. To further analyze the feasibility of using 

research methods for FTC, this study conducts 

experiments under different speed conditions, as 

shown in Fig. 11. 
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Fig. 10. Output results and feedback marker 

line results for fixed deviation faults under 

different speed conditions 
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Figures 11 (a) to 11 (c) show the feedback results 

of the AM speed sensor FD and FTC methods based 

on the ESV algorithm under low-speed, medium 

speed, and high-speed conditions. In Fig.11, before 

the   fault   occurs,   the   speed   feedback   curve  is 

relatively flat, while at the time of the fault, the speed 

feedback curve will experience significant 

fluctuations. After the occurrence of fixed deviation 

faults A and B, the AM closed-loop control system 

will  quickly  adjust  to the sensorless model and use 
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Fig. 11. Feedback findings from the fault diagnostic of 

the AM rate detector and the error-tolerant control 

technique based on the ESV algorithm at various speeds 

 
the ESV algorithm to determine the optimal 

feedback method. This confirms the effectiveness 

and superiority of the research method in simulation. 

To further explore the robustness of the research 

method, two scenarios are set up. Scenario A: setting 

up a dynamic acceleration and deceleration process. 

Scenario B: Introducing dynamic load. The result 

change curve of scenario A can be obtained from 

this, as shown in Fig.12. 

Figures 12 (a) to 12 (d) correspond to the results 

of speed, stator flux, torque, and A-phase stator 

current during the process from 300r/min to 

700r/min, respectively. Figures 12 (e) to 12 (h) show 

the results of the dynamic changes in speed, stator 

flux, torque, and A-phase stator current from 

700r/min to 300r/min. Fig.12 shows that the research 

method has excellent decoupling control effects on 

stator flux and instantaneous torque in dynamic 

processes. This indicates that the research method 

still exhibits good robustness in dealing with 

dynamic changes in situations. The control effect of 

the research method under scenario B is shown in 

Fig.13. 

Figures 13 (a) and 13 (b) correspond to the active 

power and voltage variation curves of the research 

method under scenario B. The MSE of the voltage 

error controlled by the research method is only 0.6V, 

and   the  adjusted  active   power   distribution   is 
1029kW. The results indicate that the research 

method has excellent tracking effect on the reference 

signal, and has a good response to dynamic load 

interference with strong randomness, significantly 

improving the stability and robustness of AMs. To 

present and analyze the above results more clearly, 

the study summarizes and processes the results, and 

the specific results are shown in Table 2. 
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Fig. 12. The result change curve of scenario A 
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Fig. 13. The control effect of research 

methods under scenario B 

 
Table 2. Summary table of research results 

Evaluation 
Metho

d 

Low 

speed 

Mediu

m speed 

High 

speed 

MSE 

F1 
0.796

9 
1.0649 

1.253

6 

F2 
0.913

4 
0.7821 

0.865

0 

F3 
2.252

6 
0.5840 

0.505

8 

Disconnecte

d fault 

output 

F1 0 0 0 

F2 0 0 0 

F3 0 0 0 

Fixed 

deviation 

output value 

F1 130 510 1210 

F2 130 510 1210 

F3 130 510 1210 

 

According to Table 2, the proposed method of 

combining different speed estimators can control 

errors within the fault-tolerant range across the entire 

speed range in the results of wire breakage faults and 

fixed deviation faults. This approach ensures the 

stable operation of the control system. In addition, in 

the MSE results, different speed estimators have 

their own advantages in each speed range, and the 

research method can fully utilize the control 

performance of different speed estimators in the full 

speed stage. In summary, although multiple 

experiments are conducted to obtain a reasonable 

threshold in the presence of external interference 

during the operation of the control system, the 

research method achieves good control results 

overall and obtains a more reliable and fault-tolerant 

approach. 

 

5. CONCLUSION 

 
The continuous development of power 

electronics technology and modern control theory 

provides new possibilities for the application of AM 

in various fields. However, its vector control system 

requires efficient acquisition of current and rotor 

related information, and the performance and cost of 

speed sensors are greatly limited. To address the 

above issues, the study first constructed an AM 

mathematical model and corresponding control 

method, then proposed a novel speed estimation 

method that combines three speed estimators. 

Finally, the study designed an AM speed sensor FD 

and FTC method based on the ESV algorithm. 

Experiments have shown that under low-speed 

conditions, the average RMSE of F1, F2, and F3 

were 0.7969, 0.9134, and 2.2526, and the speed 

estimators corresponding to F1 and F2 had a higher 

degree of fit with the actual values. Under medium 

and high speed conditions, the speed estimators 

corresponding to F2 and F3 performed better. When 

faults occurred at random time points in different 

speed stages, the speed variation curve would 

experience significant fluctuations. The research 

method could quickly determine the optimal speed 

estimator and quickly switch to sensorless mode, 

controlling the speed error within a range of ±

5r/min. Within this range, the speed sensor of AM 

could still ensure safe and stable operation. In 

summary, the simulation results have verified the 

effectiveness and feasibility of the method of 

combining multiple speed estimators for FD and 

FTC, ensuring that the AM speed sensor can still 

operate safely and smoothly after a fault occurs. 

However, there are still shortcomings in the 

research. The research method only simulates the 

results under constant speed conditions. Therefore, 

in future research, variable speed conditions can be 

set for simulation to expand the application scope 

and effectiveness of the research method. 
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