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Abstract

:

As a common fault of transformer winding, inter-turn short circuits cause severe consequences, such as excessive current and serious deformation of winding. Aiming to solve the problem of inter-turn short circuit at the end-winding and middle-winding of high frequency transformers (HFT), this paper considers the electromagnetic vibration characteristics of inter-turn short circuits (interleaved winding and continuous winding) at different positions, and the HFT is established by the multi-physical field coupling principle. Coupling equations for the inter-turn short circuit, as well as electromagnetic force and sound pressure level, are established to characterize the vibration noise mechanism of inter-turn short circuits. Furthermore, the HFT equivalent model is simulated in 3D finite element method (FEM) to emulate the real transformer operation and investigate the impact of interleaved winding and continuous winding under inter-turn short circuit faults. The short-circuit current and axial flux leakage, as well as the harmonic response of vibration acceleration and sound pressure level distribution, are obtained when inter-turn short circuits occur at different positions. Finally, the results show that the electromagnetic effect of the inter-turn short circuit in end-winding is worse than it is in middle-winding. Advantages in resisting impulse current make interleaved winding superior to continuous winding in terms of vibration and noise.
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1. Introduction


As electrical equipment, transformers provide a better power supply mode for rapid economic development. Many problems still need to be solved for transformers, however, such as inter-turn short circuits [1,2,3]. An inter-turn short circuit is caused by direct contact between two or more adjacent coils due to the damage of the insulation layer [4,5,6]. The damage to the insulation layer is mainly caused by excessive stress in the transformer manufacturing process and insulation aging after long-term operation [7,8,9]. The probability of transformer damage obviously increases obviously after a short circuit, and transformer damage accidents caused by short circuit account for about 50% of the total accidents [10,11,12].



To maintain the stable operation of transformer, many researchers study transformer faults under inter-turn short circuits. In [13], the spectral density estimation method is used to optimize the transfer function, which enhances the anti-disturbance ability of the transfer function. Errors caused by different external conditions such as oil quality and oil temperature are then overcome. In [14], the influence of different physical fault levels on the corresponding changes in equivalent circuit parameters is studied, and the relationship diagram between various winding axial displacement levels and the changes in transformer equivalent circuit parameters are introduced. The research results promote the accurate qualitative and quantitative analysis of transformer FRA characteristics. In [15,16], the characteristic curve of the repetitive pulse method is used to diagnose inter-turn short circuit faults. In [17,18], a fault location method of transformer inter-turn short circuits based on traveling wave analysis is proposed. In [19], the transformer correlation coefficient of frequency response function is analyzed, and a monitoring system for inter-turn short circuits in transformers is established. In [20], the relationship between winding deformation and leakage inductance parameters is utilized to realize on-line monitoring of transformer winding vibration and deformation. In [21], the fault phase of inter-turn short circuits based on the variation characteristics of transformer magnetic fields is identified. In [22], the corresponding relationship between transformer short-circuit current and vibration signal is established, and transformer inter-turn short circuit faults are identified using frequency spectrum analysis of vibration signals. In [23], to address the problem of inter-turn short circuits in the transformer’s low-voltage side winding, the short circuit winding is considered as equivalent to two different windings; the influence of inter-turn short circuit on the winding voltage is studied. In [24,25], the static mechanical characteristics of winding inter-turn insulation pad are studied, and the relationship between the material properties and dynamic characteristics of the pad are described. In [26], the characteristics of winding vibration under different pre-tightening force and temperature are studied, giving a more comprehensive understanding of winding vibration. In [27], to obtain the vibration signal of the iron core and winding, theoretical analysis is used to conduct no-load and load experiments on the transformer. Eventually, the state of the iron core and the winding with the time domain of the signal are expressed. In [28], the vibration model of winding is built, and the vibration mechanical characteristics of winding after electromagnetic and mechanical coupling are analyzed. In [29], vibration acceleration sensors are placed on the surface of the transformer oil tank, insulating oil, and winding. The frequency spectrum characteristics between vibration signals of different structures in the transformer are compared and analyzed. All the above studies are based on extracting and analyzing the external parameters of transformer inter-turn short circuit faults to monitor and locate the fault. There are few studies examining the relationship between the changes in electromagnetic parameters and vibration.



In this paper, a 10 kVA, 5 kHz nanocrystalline HFT is studied to reveal the inter-turn short circuit effect in the high frequency band. Based on the multi-physics coupling principle, a 3D model of the transformer is established by FEM. Then, the electromagnetic characteristics of the primary middle-winding and end-winding in the inter-turn short circuit of the interleaved winding and continuous winding are studied. The distribution characteristics of short-circuit current and axial magnetic leakage of the fault transformer are obtained. In addition, harmonic response analysis of the vibration acceleration is conducted to obtain the main frequency band of the acceleration. Finally, the propagation characteristics in the sound field are characterized by sound pressure level.




2. Electromagnetic Vibration Noise Mechanism of High Frequency Transformer under Inter-Turn Short Circuits


2.1. Equivalent Electromagnetic Coupling Model under Inter-Turn Short Circuit


The inter-turn short circuit fault position of HFT is set in the primary winding. Three types of winding exist when the inter-turn short circuit occurs in the primary winding: the primary winding without a short circuit, the short circuit winding, and the secondary winding; all the above windings are coupled with each other. The schematic diagram is shown in Figure 1. Us is almost 0 when the short circuit occurs. The excitation winding is mainly the unshort-circuited part of the primary side, and the weak coupling between the secondary winding and the short circuit winding is ignored. The electromagnetic relationship of inter-turn short circuit in primary winding can be expressed as:
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where U1, U2, i1 and i2, are the port voltage and port current, respectively. Us and is are the voltage and current of short circuit winding. M12, M1s, and M2s are the mutual inductance among windings. L1, Ls, and L2 are the self-inductance of windings. r is the internal resistance of power supply. Rsc is a short circuit resistance connected in series on the short-circuit line to characterize different degrees of inter-turn short circuit. Rsc is set to 0.01 Ω to indicate serious inter-turn short circuit.



In addition, the inter-turn geometric capacitance and the inter-cake geometric capacitance of the high-frequency transformer wire cake belong to distributed capacitance, while the capacitance on the winding equivalent circuit is lumped capacitance, so the distributed capacitance needs to be equivalent to lumped capacitance, that is, longitudinal capacitance. The interleaved winding functions through interleaved transposition; an advantage of this behavior is that the longitudinal capacitance of the winding can be improved by increasing the voltage between turns. Finally, the impulse voltage distribution of the winding can meet the high insulation strength requirements. Therefore, capacitance coupling needs to be considered.



Under the high frequency inter-turn short circuit condition, the HFT is equivalent to the distributed parameter circuit model of series capacitance, parallel capacitance, self-inductance and mutual inductance. The schematic diagram of HFT interleaved winding capacitance coupling is shown in Figure 2, where L is the self-inductance, M is the mutual inductance, C is the winding capacitance to ground, K is the winding series capacitance, and ut is the short-circuit impulse wave voltage.



Based on the equivalent circuit model, the second-order differential equation is established as:


   C q   u  ″   +  Γ q   u 1  =  C M   E  ″   +  Γ M  E  



(2)




where Cq is the cutset capacitance matrix and Γq is the cutset inductance matrix. The differential equation is solved to obtain the time-domain distribution of voltage between nodes and ground. The interleaved winding forms a voltage difference between the wires through interleaved transposition, causing an inter-turn capacitance between the windings. An advantage of the interleaved winding is how the longitudinal capacitance of the winding can be improved by increasing the voltage between turns. Finally, the impulse voltage distribution of the winding can meet the high insulation strength requirements.




2.2. Stress Calculation of Transformer Iron Core and Winding


Inter-turn short circuits cause forced vibration of transformer windings. By coupling the transient analysis results of electromagnetic field to the stress field above, the transient value of winding electromagnetic force on time domain can be obtained. The strain of iron core and winding material are transformed into excitation force using the principle of elasticity. The electromagnetic force of transformer winding is calculated using the virtual displacement method:


   F r   ( t )  =   ∂  W m    ∂ r   =  1 2   i 2    ∂  L D    ∂ r    



(3)




where Fr is the electromagnetic force acting in the r direction and Wm is the magnetic field energy storage of the winding leakage magnetic field. i and LD are the winding current and inductance, respective; they are calculated based on the electromagnetic coupling principle.



Considering that the nanocrystalline iron core is isotropic, the volume force density f0 of the iron core under magnetic field force is:


   f 0  = J B −  1 2   H 2  ∇  μ ′  +  1 2  ∇  (   H 2  τ   ∂ μ   ∂ τ    )   



(4)




where J is the current density. B is the magnetic induction intensity; H is the magnetic field intensity. μ’ is the medium permeability. τ is the volume density of the medium. The first term is the Lorentz force density component of the element. The second term is Maxwell force density component. The third term is the magnetostrictive force density term.




2.3. Analysis of Acoustic Field


When an inter-turn short circuit occurs, the short-circuit current is very large. The magnetization of the core enters the saturation region, which results in increased transformer and electromagnetic noise, i.e., the vibration noise from the core and the winding that are caused by magnetic leakage.



Sound pressure is a physical quantity used to measure the strength of sound. Sound pressure can be expressed by instantaneous sound pressure and root mean square sound pressure. The sound pressure transformation of a sound field medium on a unit area of an instantaneous relative static pressure at a certain point is the instantaneous sound pressure, and the root mean square value of the instantaneous sound pressure in a certain time period is the root mean square sound pressure.
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Taking the vibration of transformer core winding as the boundary condition, the noise distribution of transformer is obtained. The noise intensity is expressed by sound pressure, and the noise level is expressed by sound pressure level Lp.


   L p  = 20 lg  (  p /  p 0   )   



(6)




where Lp is the sound pressure level in dB. p is sound pressure in Pa. p0 is the reference sound pressure, and the standard sound pressure value of air is 2 × 10−5 Pa. When the sound field is calculated in time domain, the signal of the sound pressure in the air domain can be obtained, and the calculated value of the noise sound pressure level around the transformer under the condition of inter-turn short circuit can be obtained through a certain quantitative relationship.





3. Modeling of High Frequency Transformer


To analyze the physical and operating characteristics of HFT under inter-turn short circuits, a model of the 10 kVA HFT is established, and the corresponding inter-turn short external circuit is built. The HFT models under normal and short circuits conditions are shown in Figure 3. The HFT is a shell-type single-phase step-down transformer. The outer winding is a primary winding with 40 turns; its rated voltage is 500 V, and it has 40 winding turns. The inter-winding is a low voltage winding with a rated voltage of 250 V and 20 turns.



The thickness of the nanocrystalline iron core and the air gap between windings is smaller than that of windings; this is required to effectively save time in simulation calculation to meet the precision calculation requirements. The free tetrahedron mesh is adopted for the air gap between windings and nanocrystalline iron core when the iron core, windings, and air domain are meshed; this improves the accuracy of the simulation results. The model contains a mesh of 77,551 vertices and 402,470 elements. When calculating the multi-physics field, the transient solution is carried out. A fully coupled solver is adopted, the maximum number of iterations is set to 25, the solver step is set to 2 × 10−6 s, and the total solution time is 2 × 10−4 s.



The iron core of HFT adopts a shell structure, which has the advantages of high mechanical strength and convenient transportation. The schematic diagram of the HFT iron core is shown in Figure 4. The iron core is formed by stacking nanocrystalline alloy sheets, which have the advantages of high magnetic permeability and low loss. Its lamination thickness and lamination coefficient are 18 μm and 0.8, respectively. The structure parameters of the shell-type nanocrystalline iron core are shown in Table 1.



Due to the high supply voltage and winding current frequency of HFT, the winding is greatly affected by the skin effect, and most of the current exists on the surface near the wire. The skin depth can be calculated as follows:


  δ =  1    π f μ σ      K a   



(7)




where f (=5000 Hz) is the power supply frequency, μ (=4π × 10−7 H/m) and σ (=6 × 107 S/m) are the permeability and conductivity of copper, respectively. Ka is the AC resistance coefficient of the winding.


  K =    R  a c      R  d c      



(8)







When the conductor works in a high-frequency environment, the ratio between alternative current resistance should be consistent with direct current, that is, K = 1. According to the calculation results, it can be obtained that the skin depth is 0.92 mm. Under normal circumstances, the thickness of the conductor is generally selected to be within two times of the skin depth. The length and width of the primary winding are set to 5 mm and 1 mm, respectively, in this paper, and the cross-sectional area of selected conductor is 5 mm2. QZ-2 thick insulated polyester enameled flat copper wire can meet these requirements for a conductor. Specific parameters are shown in Table 2.



Interleaved winding and continuous winding are commonly used winding types; they both have the advantages of high mechanical strength and good heat dissipation performance. Both are established under the same copper consumption and resistance.



Continuous winding refers to concentric winding that consists of multiple wire cakes strung along the axis of windings. The odd-numbered wire cakes are arranged successively from the outside to the inside to become a reverse cake, while the even-numbered wire cakes are arranged successively from the inside to the outside to become a positive cake. The interleaved winding is not connected in series directly between two adjacent turns; instead, is a special wire cake connected in series after several turns are spaced. The structures above are shown in Figure 5. The double-cake unit of interleaved winding is a special form of continuous winding; it is formed by a reverse cake segment and a positive cake segment in pairs, with a shape very similar to that of continuous winding. The grid side windings of the two are shown in Figure 6. The common spiral winding structure is used on the valve side. To simplify the modeling process, the valve side winding is equivalent to a whole, that is, a square ring with uniform multi-turns.



As shown in Figure 6, there are 40 turns in the primary winding. Each coil is modeled; the end inter-turn short circuit is for the 1st–4th coils and the middle inter-turn short circuit is for 17th–20th coils. Because the winding modes of 21–40 turns coil and 1–20 turns coil are the same, they are not shown one by one.




4. Analysis of Vibration and Noise Characteristics under Inter-Turn Short Circuits


4.1. Analysis of Short-Circuit Current and Axial Magnetic Flux Leakage


When HFT operates at rated load, 10% inter-turn short circuit turns (4 turns) fault is set at the primary middle-winding and end-winding. The winding current phases are opposite under the rated load and the short circuit fault because the short-circuit winding can be regarded as the secondary side when local windings are short circuited. When the current passing through the windings is working normally, increases on the primary side cause increases in the flux linkage. Therefore, the back EMF increases. According to Lenz’s law, short-circuit turns generate back EMF to hinder external changes. At the same time, reverse current is generated. The same is true when the current of the primary coil decreases. The simulation results of the winding current of the primary winding are shown in Figure 7.



It can be seen from Figure 7 that the amplitude of the primary interleaved winding current is 20 A when HFT operates at rated load, which is the same as the rated load current of the continuous winding. At the same time, the amplitude of the primary interleaved winding is 1206 A and 1576 A when the inter-turn short circuit fault occurs at the end-winding and middle-winding. The short-circuit currents are 60.3 times and 78.8 times of the rated load current, respectively, and about 12% and 4% lower than the fault current of the continuous winding, respectively.



In order to analyze the leakage magnetic field distribution of the winding where the short-circuit turns are located, a path is set on the primary winding that moves from top to bottom, and the magnetic field intensity curve of this path is drawn. The axial magnetic flux leakage distribution of interleaved winding and continuous winding is shown in Figure 8 and Figure 9. The leakage magnetic field near inter-turn short circuit of interleaved winding of HFT increases sharply, and the maximum magnetic flux leakage is 0.09 T and 0.06 T, respectively, which is 12–18 times that of normal operation and slightly less than that of continuous winding. The axial magnetic flux leakage of short circuit winding gradually decreases from the fault point to both sides along the axial direction, and the magnetic flux leakage of winding far away from short circuit turns is obviously reduced.




4.2. Analysis of Winding Vibration Acceleration Harmonic Response and Stress Distribution


The vibration acceleration of inter-turn short circuit faults in different positions of HFT is simulated, and the schematic diagram of vibration acceleration in time domain is obtained. The vibration acceleration results are decomposed by Fourier transform, and the harmonic response distribution of winding vibration acceleration is obtained, as shown in Figure 10 and Figure 11. The time domain acceleration period under different working conditions is 0.0001 s. The frequency band is mainly 0–45,000 Hz, and the second harmonic component is the largest. The acceleration amplitude of interleaved winding is similar to that of continuous winding under normal working conditions, but the maximum value under fault conditions is obviously smaller than that of continuous winding.



Due to the surge of current and the increase of local magnetic flux leakage when the inter-turn short circuit occurs in winding, there is obvious vibration from the fault-winding under the action of electromagnetic force, and the acceleration of the windings on both sides decreases gradually. The acceleration amplitude of the inter-turn short circuit in the middle-winding is slightly less than it is in the end-winding.



The inter-turn short circuit stress distributions at different positions of transformer winding are shown in Figure 12, Figure 13 and Figure 14. Among them, since the interleaved winding has the advantage of uniform current and voltage distribution, the stress of the interleaved winding is smaller than that of the continuous winding under normal working conditions. Since the leakage flux directions of wire cakes differ at each position, the wire cakes bear tensile or compressive forces in different directions, and the short circuit winding vibrates violently. The winding force corresponds to the vibration acceleration, and the main frequency of vibration is 10,000 Hz.



It can be seen that three different stress and deformation distribution patterns exist before and after short circuit. The stress points become more and more disordered under the influence of an inter-turn short circuit. For the HFT with interleaved winding, the maximum stress on iron core increases from 6.98 × 103 N/m2 to 2.55 × 105 N/m2 and 3.07 × 105 N/m2, respectively, which is determined by the current flowing through windings. The concentration distribution of Lorentz force in the windings continues to increase. The HFT with continuous winding is distributed in a similar way.




4.3. Acoustic Field Distribution


The calculated result of the stress field is taken as the excitation of the sound field, and the sound pressure level distributions are shown in Figure 15, Figure 16 and Figure 17. It can be seen from the sound pressure level distribution diagram in the longitudinal section of HFT that the normal working conditions and fault conditions of the two windings show the same law, and the maximum sound pressure level appears in the HFT body and gradually decreases into the air. Meanwhile, the sound pressure level distribution of interleaved winding is slightly smaller than that of continuous winding, meaning that the distribution of sound pressure level before and after short circuit is completely different. The sound pressure level becomes more widely distributed under the influence of the inter-turn short circuit. For the HFT with interleaved winding, the maximum sound pressure level on the transformer increases from 93.5 dB to 112 dB and 122 dB respectively, which depends on the vibration intensity on the transformer core and windings. Similarly, the HFT with continuous winding also has the distribution patterns mentioned above.





5. Conclusions


In this paper, a multi-physical field model of a 10 kVA HFT under an inter-turn short circuit condition is established. The electromagnetic vibration noise of the transformer under normal conditions and fault conditions is simulated and analyzed, and the distribution laws of winding current, magnetic flux leakage, vibration acceleration and sound pressure level are obtained. This paper offers several significant conclusions.



Short-circuit current and magnetic flux leakage have little difference when inter-turn short circuit occurs at different positions, and the electromagnetic effect caused by end-winding short circuit is worse. At the same time, strengthening the insulation level at the primary end-winding of HFT is more beneficial to the short circuit impact resistance.



The analysis results from winding stress distribution and vibration acceleration harmonic response show that the magnetic flux leakage of end-winding inter-turn short circuit is higher than the middle-winding inter-turn short circuit. The frequency spectrum distribution of winding acceleration is complicated, but the vibration frequency spectrum is mainly concentrated in the frequency band of 0–45,000 Hz. Among them, the second harmonic vibration is the most severe.



The distribution of sound pressure level in the longitudinal section of HFT gradually decreases from the transformer body to the air. The sound pressure level of interleaved winding and continuous winding are 93.5 dB and 98.6 dB, respectively, under normal working conditions. The distribution law of inter-turn short circuit is basically the same, but the sound pressure level of the former is slightly smaller than that of the latter.
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Figure 1. Schematic diagram of inter-turn short circuit. 
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Figure 2. Equivalent circuit of HFT winding. 
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Figure 3. Schematic diagram of nanocrystalline HFT model. 
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Figure 4. Schematic diagram of shell-type iron core model, where, “a”, “b”, “c”, “d” and “e” are the outer width, outer height, inter width, inter height and thickness of iron core, respectively. “f” and “r” are the air gap and fillet radius, respectively. 
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Figure 5. Schematic diagram of interleaved and continuous winding models. 
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Figure 6. Outspread diagram of primary winding (a) Interleaved winding; (b) Continuous winding. 
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Figure 7. Rated and short-circuit current of primary winding (a) Interleaved winding; (b) Continuous winding. 
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Figure 8. Comparison of axial magnetic flux leakage distribution of interleaved winding (a) Normal condition; (b) Middle-winding short circuit; (c) End-winding short circuit. 
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Figure 9. Comparison of axial magnetic flux leakage distribution of continuous winding (a) Normal condition; (b) Middle-winding short circuit; (c) End-winding short circuit. 
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Figure 10. Comparison of vibration acceleration under different interleaved winding fault positions (a) Time domain waveform diagram; (b) Harmonic response analysis. 
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Figure 11. Comparison of vibration acceleration under different continuous winding fault positions (a) Time domain waveform diagram. (b) Harmonic response analysis. 
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Figure 12. Stress distribution under normal condition (a) Interleaved winding; (b) Continuous winding. 
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Figure 13. Stress distribution under middle-winding short circuit (a) Interleaved winding; (b) Continuous winding. 
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Figure 14. Stress distribution under end-winding short circuit (a) Interleaved winding; (b) Continuous winding. 
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Figure 15. Sound pressure level distribution diagram under normal condition (a) Interleaved winding; (b) Continuous winding. 
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Figure 16. Sound pressure level distribution diagram under middle-winding short circuit (a) Interleaved winding; (b) Continuous winding. 
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Figure 17. Sound pressure level distribution diagram under end-winding short circuit (a) Interleaved winding; (b) Continuous winding. 
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Table 1. Structure parameters of shell-type nanocrystalline iron core.
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	Item
	Unit
	Value





	Iron core outer width a
	mm
	80



	Iron core outer height b
	mm
	95



	Iron core inter width c
	mm
	50



	Iron core inter height d
	mm
	65



	Iron core thickness e
	mm
	35



	Air gap f
	mm
	2



	Iron core window width g
	mm
	15



	Fillet radius r
	mm
	10



	Cross-sectional area of core g × e
	mm2
	15 × 35



	Cross-sectional area of core window d × c
	mm2
	65 × 50
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Table 2. Wire specific parameters.
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	Item
	Unit
	Value





	Model
	/
	QZ-2



	Resistivity
	Ω·m
	1.73 × 10−8



	Length of primary winding
	mm
	5.00



	Width of primary winding
	mm
	1.00



	Cross-sectional area of primary winding
	mm2
	5.00



	Length of secondary winding
	mm
	5.00



	Width of secondary winding
	mm
	1.25



	Cross-sectional area of secondary winding
	mm2
	6.25



	Airway widths between primary and secondary windings
	mm
	5.00



	Thickness of insulating resin contact block
	mm
	2.50



	Density
	kg·m−3
	1.26
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