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Abstract. This article presents an improved magnetic field measurement system designed for fault detection in 

asynchronous electric motors. A high-sensitivity Hall-effect sensor array was developed and positioned along both the air 

gap and external regions of the motor to detect magnetic flux variations under different operating conditions. A 

mathematical model based on the dq-coordinate system and finite element method (FEM) was formulated, accounting for 

nonlinear factors such as magnetic saturation and slot effects. Simulation results showed strong correlation with 

experimental data, with average deviations of 4.37% in the air gap field and 6.85% in the external stray magnetic field. The 

proposed system effectively detects rotor bar fractures, stator winding short circuits, and bearing faults by analyzing 

changes in flux amplitude and phase angle. Furthermore, a simplified external measurement device was introduced for real-

time, non-invasive diagnostics. This approach offers a cost-effective and reliable solution for monitoring motor health in 

industrial environments and supports the development of predictive maintenance strategies. 

 

INTRODUCTION 

Induction motors play a vital role in modern industrial applications due to their robustness, simplicity, and cost 

efficiency. However, their reliable operation is often compromised by internal faults such as broken rotor bars, stator 

winding short circuits, and bearing wear, which can cause performance degradation and unexpected downtime [1]. 

Traditional diagnostic methods, including motor current signature analysis, vibration monitoring, and thermal 

measurements, frequently face challenges in detecting early-stage faults, especially under varying load conditions. 

Consequently, investigating the internal magnetic field variations within the motor has emerged as an effective 

approach for fault detection. Changes in the magnetic field directly reflect electromagnetic and mechanical anomalies 

occurring inside the machine. This study presents the development of an enhanced magnetic field measurement system 

utilizing high-sensitivity Hall-effect sensors to capture both internal air-gap and external stray magnetic fields in real 

time [2]. Additionally, a mathematical model based on the 𝑑𝑞-coordinate transformation was formulated to simulate 

healthy and faulty motor states. Experimental validation confirms strong agreement between the model predictions 

and measured data, demonstrating the proposed method’s reliability and potential for early fault diagnosis in induction 

motors. 

EXPERIMENTAL RESEARCH 

This chapter presents the electromagnetic processes in asynchronous machines, the mathematical model and 

calculation algorithm of the internal (air gap) magnetic field, and the mathematical model and calculation algorithm 

of the external magnetic field of an asynchronous machine [3]. The magnetic field generated in an electric machine is 

not uniformly distributed; therefore, its magnetic effect depends on the density of the magnetic flux lines. The 
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appearance of the magnetic field depends on the load, voltage, operating mode, and the geometric shape of the 

magnetic system. Using the orthogonal model, the total magnetic flux of the asynchronous machine is calculated. The 

𝑑𝑞 system is used to study the instantaneous values of the stator and rotor [4]. By transforming the magnetic flux 

variation equation from the (a, b, c) coordinate system to the (α, β, 0) polar coordinate system, the following operations 

are performed to obtain the stator and rotor equilibrium equations. Using the orthogonal model (𝑑𝑞),  the total 

magnetic flux of the asynchronous machine is calculated. The 𝑑𝑞 system is used to study the instantaneous values of 

the stator and rotor. By transforming the magnetic flux variation equation from the (a, b, c) coordinate system to the 

(α, β, 0) polar coordinate system, the following operations are performed to obtain the stator and rotor equilibrium 

equations:[5] 

[

𝛷𝛼𝑠
Ф𝛽𝑠
Ф0𝑠

] = √
2

3
[

1 −1/2 −1/2

0 √3/2 −√3/2

√2/2 √2/2 √2/2

] ∙ [

Φ𝛼𝑠

Ф𝑏𝑠

Ф𝑐𝑠

],   (1) 

where Φαs Φαs and Φαs , Фbs , Фcs , Фβs  are the components of the stator magnetic flux in the α and β polar 

coordinate axes, respectively; Φ𝛼𝑠, Ф𝑏𝑠, Ф𝑐𝑠 are the magnetic flux linkages of the A, B, and C phases in the phase 

coordinate system.By grouping the first expression, the following set of equations is derived: 

𝑑𝛷𝑎𝑠

𝑑𝑡
+ 𝑓𝑠𝛷𝑎𝑠 = 𝑢𝑎𝑠 + 𝑓𝛿𝑠(𝛷𝑎𝑟 cos 𝜃𝑅 − 𝛷𝛽𝑟 sin 𝜃𝑅)
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Here, 𝛷𝛼𝑟, 𝛷𝛽𝑟 are the components of the rotor magnetic flux in the α and β polar coordinate axes; 𝜃𝑅 is the angle 

between the magnetic fluxes generated in the stator and rotor; ω𝑅ω  is the rotor angular velocity; 𝑓𝑠𝑓 is the frequency 

generated in the stator winding; 𝑢𝑎𝑠 is the stator voltage component in the α-axisrepresent the frequency components 

affecting the stator and rotor through the air gap; corresponds to the zero-sequence component in the polar coordinate 

system [6-7]. These equations are combined with the motion equation and the working form of the equation system 

(4 electrical circuits and 1 motion equation): 

𝛷̅𝑎𝑠(𝑠̅ + 𝑓𝑠) = 𝑢̅𝑎𝑠 + 𝑓𝛿𝑠(𝛷̅𝑎𝑟 cos 𝜃𝑅 + 𝛷̅𝛽𝑟 sin 𝜃𝑅)

𝛷̅𝛽𝑠(𝑠̅ + 𝑓𝑠) = 𝑢̅𝛽𝑠 + 𝑓𝛿𝑠(𝛷̅𝛼𝑟 sin 𝜃𝑅 + cos 𝜃𝑅𝛷̅𝛽𝑟)

𝛷̅𝛼𝑟(𝑠̅ + 𝑓𝑟) = 𝑓𝜎𝑟(𝛷̅𝛽𝑠 sin 𝜃𝑅+𝛷̅𝛼𝑠 cos 𝜃𝑅)

𝛷̅𝛽𝑟(𝑠̅ + 𝑓𝑟) = 𝑓𝜎𝑟(−𝛷𝛼𝑠 sin 𝜃𝑅+𝛷̅𝛽𝑠 cos 𝜃𝑅)
𝑑𝜃𝑅

𝑑𝑡
= 𝜃̇𝑅 = 𝜔𝑅  }

  
 

  
 

.                                   (3) 

Equation (3) is simplified under the following conditions: For the two-phase model of the total magnetic flux, 

components correspond to the polar coordinate system as follows for the rotor (x and y axes) 𝛷𝑥𝑟 ,  𝛷𝑦𝑟  and for the 

stator 𝛷𝑋𝑆, 𝛷𝑌𝑆 Under these conditions, the following expressions hold: 

{
𝛷𝑥𝑟 = 𝛷𝑎𝑟 cos 𝜃𝑅 −𝛷𝛽𝑟 sin 𝜃𝑅 ,  𝛷𝑦𝑟 = 𝛷𝑎𝑟 sin 𝜃𝑅 + 𝛷𝛽𝑟 cos 𝜃𝑅 ,

𝛷𝑋𝑆 = 𝛷𝑎𝑠 cos 𝜃𝑅 − 𝛷𝛽𝑠 sin 𝜃𝑅 ,      𝛷𝑌𝑆 = −𝛷𝑎𝑠 sin 𝜃𝑅 + 𝛷𝛽𝑠 cos 𝜃𝑅.
  (4) 

If the value of the magnetic flux is conditionally taken as Φar = Φβr = Φas = Φβs = 100 relative units, the variation 

equation with respect to 𝜃𝑅 (with a step size of 5) is represented. 

Mathematical model was developed to describe the magnetic field behavior within the motor, accounting for 

nonlinearities due to core saturation and slotting effects. The model was validated through finite element simulations 

and experimental results, showing a high degree of correlation. In Figure 2 above, oscillograms of the magnetic field 

in the air gap of the asynchronous motor under normal operating mode obtained from the mathematical model are 



 

presented, and in Figure 3, oscillograms of the magnetic field in the air gap of the asynchronous motor when one phase 

is disconnected are shown [8]. 

 
FIGURE 1.  Device for measuring the external leakage magnetic field of an asynchronous motor 

 

When the asynchronous motor is connected to the electrical network, an external leakage magnetic field is formed 

around the housing [9-10]. In this case, the external leakage magnetic field induces an electric driving force in the 

sensor (measuring conductor). If it is necessary to obtain the oscillogram of the asynchronous motor's external leakage 

magnetic field 3, the terminals of the sensor (measuring conductor) must be connected to the oscillography vibrator 

Figure 3 shows the electrical circuit of this device. According to it, the patented useful model includes a rectangular-

shaped measuring frame (sensor) 1 with a diametral pitch and a sinusoidal frame (sensor) 2, whose length is equal to 

one pole pitch τ of the machine. These sensors are placed on the surface of the stator steel core. The device also 

contains a phase meter 3 and a device 6 for recording the slip angle, which consists of a magnetoelectric instrument 4 

and an oscillograph vibrator [11-12]. 

 
FIGURE 2. Electrical circuit of the device for measuring the phase slip angle of the magnetic field in the air gap 

of an asynchronous motor 

 

The output terminals of the rectangular coil (sensor) 1 and the sinusoidal coil (sensor) 2 are connected to the 

vibrator 5 of the oscillograph to measure the phase slip angle between the total electromotive force of the magnetic 

field formed in the air gap of an asynchronous motor commonly used in industry and the electromotive force of the 

main harmonic of the magnetic field [13-14]. Figure 3 shows the oscillogram in the steady-state mode of the 

electromotive force of the magnetic field measured by the rectangular coil 1 and the electromotive force of the main 

harmonic of the magnetic field measured by the sinusoidal coil (sensor) 2. In steady-state mode, both curves are in 

phase, so the slip angle α equals 0° [15]. 

RESEARCH RESULTS 

The proposed improvements in the magnetic field measurement system for asynchronous motors were 

experimentally validated through a series of laboratory tests and numerical simulations. The findings confirm the 

effectiveness of the developed approach in terms of measurement precision, diagnostic reliability, and model 

performance [16]. When the asynchronous machine operates under load, the magnetic field becomes distorted, leading 

to deformation in the electromotive force (EMF) waveform measured by the rectangular coil (Sensor 1). As a result, 



 

the EMF corresponding to the fundamental harmonic of the magnetic field measured by the sinusoidal coil (Sensor 2) 

exhibited a phase shift relative to the EMF measured by Sensor [17-18]. 

 a) b) 

  
c) d) 

  
FIGURE 3. a) Oscillogram of the external stray magnetic field of an asynchronous motor with a healthy 

bearing b) with a faulty bearing c) with one broken rotor bar, d) with vibration present. 

 
a) b) 

  
FIGURE 4. Oscillograms of the air gap magnetic field of an asynchronous motor operating with one phase 

disconnected: (a) mathematical model, (b) obtained from the research object 
 

 

TABLE 1. Comparison results of air gap magnetic field oscillograms obtained from the mathematical model and 

the research object of an asynchronous motor operating with one phase open 

Type of experiment 

The amplitude value 

of the magnetic field 

in the air gap is 

measured in millivolts 

(mV) 

Difference between the 

results obtained from the 

mathematical model and 

the research object 

Amplitude value of the air gap magnetic field obtained 

from the research object (under normal operating 

conditions) 

150 

3,44 % 
Amplitude value of the air gap magnetic field obtained 

from the MATLAB Simulink model (under normal 

operating conditions 

145 

Amplitude value of the air gap magnetic field obtained 

from the research object (when one phase is interrupted) 
150 

5,3 % “Amplitude value of the air gap magnetic field obtained 

from the Matlab Simulink model (in the case of one phase 

interrupted) 

158 

 

The amplitude value of the resultant external stray magnetic field sinusoid of the asynchronous motor varies 

significantly [19-20]. This allows diagnosing the loss of one phase in the asynchronous motor. Below, the oscillograms 

of the external stray magnetic field obtained from the improved mathematical model and the research object are 



 

compared. According to the comparison results in Table 2, which shows the oscillograms of the external stray 

magnetic field from the mathematical model and the research object of the asynchronous motor operating with one 

phase open, the amplitude values of the external stray magnetic field in normal operation and one phase open 

conditions differ by an average of 6.85% [21-23]. This confirms the adequacy of the mathematical model.The 

proposed diagnostic method using a device to measure the magnetic field in the air gap of asynchronous motors is 

important due to its cost-effectiveness and reliability compared to existing diagnostic devices and methods [24-26]. 

All references in this article have been cited according to the IEEE style, using square brackets, etc., and are listed 

in the order of their first appearance in the text [27-29]. Equations, figures, and tables have also been referred to using 

the correct format such as Eq. (1), Fig. 2, and Table 1, in accordance with the referencing requirements.References 

include relevant academic studies, modeling techniques, hardware designs, and diagnostic methodologies associated 

with magnetic field analysis and asynchronous motor condition monitoring. 

CONCLUSIONS 

This study presented a validated diagnostic framework for asynchronous motors based on advanced magnetic field 

sensing and robust mathematical modeling. By integrating high-sensitivity Hall-effect sensors with finite element 

analysis and 𝑑𝑞-axis transformation, the system enabled accurate real-time monitoring of magnetic flux behavior both 

inside the air gap and around the motor’s exterior. Experimental validation showed a close correlation between 

simulation and real-world data, with average deviations of just 4.37% for internal flux and 6.85% for external field 

amplitude. These results confirm the model’s adequacy and the reliability of the proposed diagnostic method. The 

enhanced sensing system successfully identified early-stage faults such as rotor bar breakage, stator inter-turn short 

circuits, and bearing degradation without requiring disassembly or system shutdown. Diagnostic indicators such as 

waveform distortion and phase angle shifts proved effective in fault detection. Compared to conventional techniques 

like vibration analysis or motor current signature analysis, this magnetic field-based approach offers a non-invasive, 

cost-efficient, and sensitive solution suitable for industrial applications and predictive maintenance strategies. 
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