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Abstract

:

The turn-to-turn faults (TTF) are also inevitable in split-winding transformers. The distorted leakage field generated by the TTF current results in large axial forces and end thrusts in the fault windings as well as affecting other branch windings normal operation, so it is of significance to study TTF of split-winding transformers. In this paper, the characteristics analysis of the split-winding transformer under the TTFs of the low voltage winding at different positions are presented. A 3600 KVA four split-windings transformer is taken as an example. Then, a simplified three-dimensional simplified model is established, taking into account the forces of the per-turn coil. The nonlinear-transient field-circuit coupled finite element method is used for the model. The leakage field distribution under the TTFs of the low voltage winding at different positions is studied. The resultant force of the short-circuit winding and the force of the per-turn coil are obtained. Subsequently, the force and current relationship between the branch windings are analyzed. The results show that the TTF at the specific location has a great influence on the axial windings on the same core, and the distorted leakage magnetic field will cause excessive axial force and end thrust of the normal and short-circuit windings. These results can provide a basis for the short-circuit design of split-winding transformer.
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1. Introduction


In recent years, the split-winding transformer winding transformer has been widely used [1,2], playing an important role in the fields of rail transit, industrial, etc. The split-winding transformer has high short-circuited impedance, which can limit the starting current of the motor and short-circuit current. It is often used in frequent short-circuit situations. However, the frequent current impact may induce the turn insulation aging and damage. In addition, the winding structure and manufacturing process of the split-winding transformer are more complex, which results in the higher probability of a turn-to-turn fault (TTF) of the split-winding transformer compared with the ordinary transformer. Therefore, the short-circuit problem of split-winding transformers needs special attention. When the TTF occurs, there are increased magnetic flux leakage, core saturation and winding overcurrent in the transformer [3,4], causing a critical mechanical stress, and resulting in deformation of the winding shape [5,6,7]. Additionally, the strong local magnetic field generated by the TTF current distorts the magnetic field in the core and space, which affects the normal operation of the other windings through magnetic coupling relations [8,9]. Therefore, split-winding transformers require special short-circuit designs to take these factors into account, while obtaining these influence laws is also an important prerequisite for the design of split-winding transformers.



The analysis of short-circuit faults has become one of the most challenging aspects of transformer-related research. Usually, it is difficult to perform experimental analysis of transformer behavior under TTF, as these experiments have great destructive. On the other hand, the experiment cannot obtain a comprehensive data for in-depth analysis, so designers need advanced tools to simulate TTFs. With the improvement of calculation ability and the finite element method of field circuit coupling, the transient analysis of a complex magnetic field in a transformer has become possible [10,11,12,13], which is helpful for in-depth analysis and model research of TTF. At present, the finite element method has become an important tool for transformer design and analysis.



At present, there are very little paper to analyze the short-circuit performance of split winding transformer. In [13], the nonlinear model is established to analyze the winding stress under the conditions of preset and post short-circuit test methods. The results show that compared with the case of two low-voltage windings short-circuit, the stress of only one low-voltage winding short-circuit is higher. In [14], the symmetrical component method is proposed to calculate the electromagnetic force of the split-winding transformer with stable winding under short-circuit condition. The results show that there is a considerable short-circuit force in the stable winding in the case of single-phase to ground fault and two-phase to ground fault. In [15], a nonlinear equivalent circuit is established to model the electromagnetic transient process of short-circuit and inrush current, when both the bottom and top windings are short wound (or open), the leakage (or magnetization) flux is much larger. The split winding transformer needs a special short-circuit design to consider the factors. These distorted leakage magnetic fields lead to high axial short-circuit force and end thrust of the winding under short-circuit. Therefore, it is of great significance to study the short-circuit characteristics of split-winding transformer.



In this paper, a 3600 kVA transformer with four split windings is taken as an example. The simplified three-dimensional model is established according to the prototype parameters, which can consider the per-turn coil of the layer where the short-circuit turns are located. The model is solved by the field circuit coupling method during short-circuit. By comparing the normal leakage magnetic field with the fault leakage magnetic field, the characteristics of leakage magnetic field caused by TTFs at different positions are analyzed, and the single turn force and overall force variation law of short-circuit winding under the TTFs at different positions are studied. In addition, the distorted leakage magnetic field caused by short-circuit destroys the magnetic field of other branch windings. Therefore, the stress change of adjacent other branch windings is analyzed, the change law of current of each branch windings before and after TTF is studied. Subsequently, the influence law of TTFs at different positions on other windings is determined, which provides a theoretical basis for short-circuit design of a split-winding transformer.




2. Analysis Method and Validation


The three-dimensional finite element method is time-consuming and complex. In order to obtain the results quickly, it is necessary to simplify the original model. Generally, the winding is simplified to a uniform coil and the oil channel is ignored. However, this winding cannot take into account the forces on each turn coil of the winding. On this basis, this paper improves the original model, adopts the 1/2 model, and simplifies the core and high-voltage winding. All coil regions of the layer where the TTF coils are located are established. For the winding without short-circuit, the uniform multi-turn model is used to replace the coil of each layer, and the interlayer flow channel is reserved to meet the geometric similarity of each branch winding. The three-dimensional finite element model of 3600 KVA four split traction transformer is shown in the Figure 1. For the simulation of the model, the following assumptions are made:




	
The conductivity of the material is constant and the influence of temperature change on the conductivity is ignored.



	
The skin effect and proximity effect of windings are neglected.








The split-winding transformer consists of core type core, high voltage winding and low voltage winding. The low voltage winding is divided into four equal capacity parts (LV1, Lv2, LV3, LV4), which can be operated in parallel or independently. The high voltage is divided into four equal capacity branches (LV1, Lv2, LV3, LV4) corresponding to the four low voltage branches one by one, and the four high voltage branches are operated in parallel. The sequence number of each winding is shown in Figure 1b, the parameters of transformer and winding are shown in Table 1. The mesh division of 3D model is shown in Figure 2, with a total of 306,639 units.



In the study, the three-dimensional model is solved by field circuit coupling and transient solver in COMSOL, and the time stepping method is backward difference implicit solver. The field circuit coupling circuit solved is shown in Figure 3.    R H    is the resistance of high voltage winding,    R L    is the resistance of low voltage winding,    R  L o a d     is the equivalent load resistance (2.5 Ω),    R  s c     is the resistance of short-circuited winding. After the transformer operates for 50 ms, the TTF is realized by switch control.



Solution Method


The three-dimensional model is solved by A-V-A method. Based on Maxwell equation and Coulomb gauge, the following governing equations can be obtained:


   σ   ∂  A    ∂ t   + ∇ ×  (   μ 0  − 1   ∇ ×  A   )  − σ  v  ×  (  ∇ ×  A   )  + σ ∇ V = 0     i n      Ω   1  +  Ω 2     ∇ ⋅  (  − σ   ∂  A    ∂ t   − σ ∇ V  )  = 0     i n      Ω   1    



(1)




where,    Ω 1  +  Ω 2    and    Ω 1    are the regions with and without eddy current, respectively,   A   is the magnetic vector potential,   v   is the permeability tensor,  σ  is the conductivity tensor.



For stranded coil, the skin effect and proximity effect are ignored, and the governing equation of coil domain is rewritten as


   ∇ ×  (   μ 0  − 1   ∇ ×  A   )  − σ  v  ×  (  ∇ ×  A   )  −  J  = 0     J  = D    n c     S c    i  ( t )    



(2)




where,    S c    is the cross-sectional area of a stranded coil,    n c    is the number of turns,   i  ( t )    is the current per turn, and  D  is defined as the coil direction vector, which is the unit vector representing the current direction [11,16].


   [ K ]   {   A v   }  +  [ T ]   {  i  ( t )   }  = 0  



(3)




where


    [ K ]  =   ∑  Ω   1 x   1 y   1 z    ∫ ∫ ∫    Δ e     (    ∂  N e T    ∂ x     ∂  N e    ∂ x   +   ∂  N e T    ∂ y     ∂  N e    ∂ y   +   ∂  N e T    ∂ z     ∂  N e    ∂ z    )  d x d y d z     [ T ]  =   ∑  Ω   n   S c      ∫ ∫ ∫    Δ e     N e T  d V   



(4)




where      {   A v   }  =    [   A x  ,  A y  ,  A z     ]   T  ,    N e    and      Δ e    are the shape function and volume of the element, respectively. The transformers are usually connected to a voltage source. According to the equivalent circuit model in Figure 4 the matrix form of external circuit equation can be written as


   [ G ]   ∂  ∂ t    {   A v   }  +  [ R ]   { I }  +  [ L ]   ∂  ∂ t    { I }  =  [ U ]   



(5)




where  U  is the input voltage,  L  and  R  is the leakage inductance and winding resistance, respectively,  G  is the matrix associated with the geometric features of the winding.



Based on the above formula, the following coupling equation can be obtained


   [     0   0     G   L     ]   {         A v   ˙        I ˙      }  +  [     K   D     0   R     ]   {       A v       I     }  =  {     0     U     }   



(6)







In this system of equations, the unknowns are the nodal values of the vector potential (   A v   ) and the currents ( I ) in the external circuits.



The electromagnetic force density   F    (  N /  m 3   )    is readily available according to Lorentz force law:


  F = J × B  



(7)







The total axial force and radial force on each coil are achieved by calculating the volume fraction of force density.





3. Results and Discussion


3.1. Magnetic Field Analysis


Nonlinear ferromagnetic materials and branch windings can affect the magnetic field distribution, so the influence of TTFs at different spatial positions is different. In order to comprehensively evaluate the impact of TTFs, the bottom, the middle and the top of two-turns TTF in LV1 low-voltage winding are analyzed. The positions of TTFs and the distribution of magnetic flux leakage between HV1 and LV1 under the TTFs are shown in the Figure 3.



It can be seen from the Figure 3 that the magnetic leakage field at the short-circuit position is distorted, and the distorted magnetic strength results in the increase of the overall magnetic leakage field between the LV1 and HV1. The magnetic strength under the middle TTF is the largest and decreases rapidly along both sides. After the TTF occurs, the leakage magnetic field is maximum at the first peak, which gradually stabilizes with time. The maximum magnetic flux leakage peak is 0.13 T under normal operation. The maximum peak value of top fault is 1.42 T, which is 11 times higher than the normal magnetic strength. The maximum peak value of the middle fault is 1.91 T, which is 14.6 times higher than the normal magnetic strength, and the maximum peak value of the bottom fault is 1.53 T, which is 11.7 times higher than the normal magnetic strength. Then, it can be found that the distortion of leakage magnetic field is the largest under the condition of middle fault, which results in larger radial force of the winding.



The distribution of radial and axial magnetic flux leakage under the TTFs at 59 ms (peak short-circuit current) is shown in Figure 4. Axial magnetic flux leakage accounts for the main part of distorted magnetic flux leakage, so the change trend of axial magnetic density is consistent with that of magnetic density. The axial flux leakage under the middle TTF is the largest and decreases rapidly along both sides. The maximum value of radial flux leakage appears on both sides of the short-circuit positions. The direction of the radial leakage magnetic field on both sides of the short-circuit wire is opposite, and gradually decreases along both sides of the short-circuit position.



Compare the three TTF cases, the peak value of axial magnetic flux leakage is the largest under the middle TTF, the peak value of axial magnetic flux leakage is 1.74 T, and the minimum value of radial magnetic flux leakage is 0.548 T. The axial magnetic flux leakage peak value under the bottom TTF is 1.41 T, and the radial magnetic flux leakage peak value is 0.65 T. When the top TTF occurs, the axial magnetic flux leakage is the smallest, the peak value is 1.18 T, and the radial magnetic flux leakage peak value is 0.62 T.



It can be seen from the axial flux leakage distribution that when the top and middle of LV1 are short-circuited, the axial flux leakage between the channel between the LV1 and the HV1 is affected, while the axial flux leakage does not change significantly in the channel between LV4 and HV4. Under the bottom TTF, the leakage magnetic field between the LV4 and the HV4 is distorted due to the short circuit position adjacent to LV4, and the axial leakage magnetic field between the LV4 and the HV4 is increased. The main reason is that the part of leakage magnetic flux under the bottom TTF generated by the short-circuit current is balanced by the magnetic flux generated by HV4, which increases the HV4 current and results in the increase of the overall magnetic flux leakage in the channel.



In normal operation, the value of radial leakage magnetic field is small, so the radial leakage magnetic field caused by TTF has a greater impact on the original radial leakage magnetic field. Only under the middle TTF, the radial leakage magnetic field is not affected produced by short-circuit current between LV4 and HV4. The radial leakage magnetic field produced by top and bottom TTF current has a great influence on the radial leakage magnetic field between LV4 and HV4. Especially when the bottom TTF occurs, the transverse leakage magnetic field of the channel between LV4 and HV4 is greatly increased, which will lead to a large axial force on the LV4 and HV4 winding.



The magnetic leakage field generated by short-circuit fault makes the core local magnetic saturation, which results in core vibration and local heating. The normal magnetic field and the fault magnetic field of bottom TTF under the maximum of peak short-circuit current are shown in Figure 5.



It can be seen from the Figure 5 that the magnetic density of the core at the short-circuit position is locally saturated, and the leakage magnetic field near the short-circuit winding increases correspondingly. The maximum magnetic density of 1.81 t appears near the air region, and the local magnetic saturation appears at the corner of the core on the same side. According to     d Φ   d t   = 0  , When the winding is short-circuited, the flux of TTF winding will be offset by the flux of the other windings according to     d Φ   d t   = 0  . The local saturation of core flux density is mainly caused by leakage flux produced by short-circuit current.




3.2. Current Analysis


The short-circuit current of the winding is composed of the AC steady-state component of the fundamental frequency and an exponential decay component. The transient time of the short-circuit process is related to the ratio of resistance to reactance of the winding.


  i  ( t )  =  I m   (   e  −  R L  t   − cos ( ω t  )  ) =  I m   (   e  −  R X  ω t   − cos ( ω t  )  )  



(8)




where    I m    is steady state peak value of short-circuit current,   R    and  X  are winding resistance and leakage reactance of transformer,   t    and  ω  are time and angular frequency. Due to the influence of ferromagnetic material and space position, the self-inductance and mutual inductance of TTF winding are different, which leads to different time constant and steady-state current peak value of TTF at different positions.



When TTFs occur in the LV1 winding, a short-circuit loop is formed. The induced voltage of the short-circuit loop acts on the minimum resistance of the winding. Because the winding is similar to an inductive element, the current does not change abruptly, so there is an aperiodic component, which makes the loop current of the short-circuit loop much higher than the rated value.



The current of short-circuit winding and LV1 winding is shown in Figure 6. It can be seen that the peak current of the middle TTF is the largest. The peak value of the middle TTF current is 48 kA, which is 62 times of the normal peak value. The peak current of the bottom TTF is 42 kA, which is 54 times of the normal peak value. The peak current of the top TTF is 35 kA, which is 45 times of the normal peak current.



The current of HV1 winding under the TTFs at different positions is shown in Figure 7. When TTFs occur in the LV1, the high-voltage winding needs to balance the magnetic flux produced by short circuit current according to     d Φ   d t   = 0  . Therefore, the current of the high-voltage winding increases correspondingly, while the current of the low-voltage winding that is not short-circuited decreases correspondingly due to the decrease of the number of turns. Then, the ampere turn balance is reestablished. Under the middle TTF, the current of HV1 increases and the impedance angle changes obviously. The peak current of HV1 is 1.74 times of the normal value, and the steady-state current of HV1 increases by 45.4%. The steady-state current of HV1 increases by 23% and 11% in the case of top and bottom TTF, respectively. The current of LV1 is reduced correspondingly, and the maximum reduction is 24% in the case of middle TFF, while the steady-state current of LV1 will be reduced by 12% and 11.7% in the case of top and bottom TFF, respectively.



The peak current multiple and steady-state current multiple of each branch winding under the TTFs at different positions are shown in Table 2 and Table 3, respectively. It can be seen that the current of HV1 is most affected because of the strong magnetic coupling between HV1 and LV1, while the peak current of HV1 is different under different faults. Hv4 and LV4 windings are greatly affected by the bottom short circuit fault. Because the short circuit position is close to HV4 and LV4 windings, the flux linkage generated by LV1 short circuit is offset by the flux linkage generated by HV1 and HV4 windings, which increases the current of HV1 and HV4 windings and decreases the current of LV4 windings.



It is worth noting that the TTF of LV1 winding has a greater impact on the windings on the same core (HV1, HV4, LV1, LV4), and has a smaller impact on the normal operation of the other core (HV2, HV3, Lv2, LV3).




3.3. Force Analysis


The radial resultant force and axial resultant force of LV1 under the TTFs at different positions are shown in Figure 8. It can be seen from the figure that the axial resultant force of LV1 winding under the top TTF is the largest, with the maximum peak force of 17.5 kN, which is 14.5 times larger than the normal peak force. The axial resultant force of LV1 winding under the middle TTF is the smallest, with the maximum peak force of 1.65 kN, which is 1.3 times larger than the normal peak force. The maximum peak value of axial resultant force caused by the short-circuit at the lower part is 12.5 kN. The peak force is 10.4 times larger than normal.



The low-voltage winding is squeezed inward. It can be seen from the Figure 8 that the radial force of LV1 winding under the middle fault is the largest, and the maximum peak force is 35.9 kN, which is 3.2 times larger than the maximum peak force in normal operation. The radial resultant force of LV1 winding under the top fault is the smallest, and its maximum peak force is 22.6 kN, which is two times larger than the axial resultant force in normal operation. The maximum peak force LV1 winding under the bottom fault is 26.7 kN, which is 2.4 times larger than that in normal operation.



The radial force and axial force of per-turn wire of LV1 outermost winding under three cases of TTFs are shown in Figure 9, with 39 turns of wires in this layer. When the middle part of LV1 is short-circuit, the peak radial force and peak axial force of the short-circuit winding are 12.4 kN and 39 kN, respectively. When the bottom part of LV1 is short-circuit, the peak radial force and axial force of single turn winding are 8.2 kN and 29 kN, respectively. When the top part of LV1 is short-circuit, the peak radial force and axial force of the single turn winding are the smallest, which are 6.2 kN and 24.7 kN, respectively. However, there is a large difference between the reverse force and the forward force in the axial force of the winding, and the difference between the maximum peak force is 4.3 kN.



The TTF changes the internal magnetic flux leakage and other branch winding currents in the transformer, so the force of other branch windings is also affected. The change multiples of radial and axial peak resultant forces of windings after short circuit are shown in the Table 4 and Table 5, respectively. Compared with the radial force of the winding, the change multiple of the axial force is larger, and more windings are affected. In the three cases of TTFs, the axial force of the top and bottom TTFs changes greatly, while the axial force of the middle TTF changes little.



The radial magnetic field produced by the short circuit current is opposite on both sides of the short circuit coil, so the force on both sides of the coil is opposite from the center of the short circuit location. The axial resultant force is mainly related to the asymmetry of the magnetic field, while ferromagnetic materials and adjacent windings affect the magnetic field in the transformer, so the top and bottom TTF will have a greater impact on the axial resultant force of the winding.



The radial force fluctuation is small, and the influence on the winding on the other side of the mandrel can be ignored. The influence only exists in the windings of the same core. The damage is the most serious when the middle short-circuit occurs. The radial force of HV1 increases by 3.04 times and that of LV1 increases by 3.22 times.



In summary, it can be concluded that the axially split windings have a high degree of coupling, that is, the axially split windings have weak ability of anti-short circuit. When the split transformer is applied in the field of train transmission, the inter turn short-circuit fault will change the short-circuit impedance at the traction side and the current amplitude of adjacent windings. If the four-quadrant converter adopts the original control strategy, it will cause fundamental circulation and heat the converter, resulting in more serious faults.





4. Conclusions


In this paper, a 3600 kVA four-split winding transformer is taken as an example. This paper presents a simplified three-dimensional model to consider the per-turn coil domain. The model adopts three-dimensional finite element method and field circuit coupling for transient analysis. The magnetic field, force and current of transformer under the TTFs at different positions are analyzed comprehensively. The following conclusions are obtained:




	
The results show that the magnetic leakage field is distorted after short circuit, and the magnetic leakage field produced by the TTFs at different positions is different. The maximum axial magnetic flux leakage caused by the middle TTF is 1.74 T, and the maximum radial magnetic flux leakage caused by bottom short circuit is 0.56 T. The distribution of magnetic field in the core is analyzed. When the TTF occurs, the local magnetic saturation of the core is serious, which can result in more severe vibration and noise of the core.



	
Based on the analysis of the per-turn force and resultant force of the short-circuit winding, the radial and axial electromagnetic force of the winding under normal operation and TTFs is basically consistent with the distribution law of the axial and radial leakage magnetic field of the winding in the above conclusion. The axial resultant force is increased by 14 times under the top and the bottom TTFs, and the radial resultant force is increased by 3.2 times under the middle TTF. It should be noted that when the middle part of the winding is short circuited, the axial force on both sides of the winding is opposite, resulting in a small axial force of the short-circuit winding, which is only increased by 1.3 times.



	
The influence of TTFs at different positions on the current relationship of other windings is studied. The coupling of windings on the same core column is strong, and the coupling between windings on different cores is weak. When the middle TTF occurs, it has the least influence on the current of other windings. In addition, it is worth noting that when the location of TTF is adjacent to the same core winding, the short circuit fault will have a greater impact on current of the adjacent winding. When the bottom is short circuited, the steady-state current of the high-voltage winding axially adjacent to the short-circuit winding increases by 8%, and the steady-state current of the low-voltage winding axially adjacent to the short-circuit winding decreases by 7%, respectively.



	
The influence of TTFs at different positions on the force of other windings is studied. The results show that the axial force of the branch winding on the two cores is greatly affected by the TTFs, while the radial force of other windings on the same mandrel has a greater influence, and the change of radial force on the other core column can be ignored.
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Figure 1. Establishment of simulation model. (a) Original simplification model. (b) Improved simplification model. (c) Simplified form of winding with TTF. (d) Simplified form of winding without TTF. 
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Figure 2. (a) Front view of meshing. (b) Right view of meshing. (c) Top view of meshing. (d) Field circuit coupling circuit. 
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Figure 3. The positions of TTFs and the distribution of magnetic flux leakage between HV1 and LV1. (a) Top turn-to-turn fault. (b) Middle turn-to-turn fault. (c) Bottom turn-to-turn fault. (d) The positions of three cases of TTF. 
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Figure 4. The distribution of radial and axial magnetic flux leakage under the TTFs at 59 ms. (a) Top turn-to-turn fault. (b) Middle turn-to-turn fault. (c) Bottom turn-to-turn fault. 
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Figure 5. The normal magnetic field and the fault magnetic field of bottom TTF under the maximum of peak short-circuit current at 59 ms. (a) Normal magnetic field. (b) Fault magnetic field. 
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Figure 6. The currents of LV1 sort-circuit winding and LV1 winding under three cases of TTFs. (a) The current of LV1 sort-circuit winding (LV1-SC). (b) The current of LV1 winding. 
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Figure 7. The current of HV1 winding under the TTFs at different positions. 
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Figure 8. The radial resultant force and axial resultant force of LV1 under the TTFs at different positions. (a) The axial resultant force. (b) The radial resultant force. 
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Figure 9. The radial force and axial force of per-turn wire of LV1 outermost winding under three cases of TTFs. (a) Top turn-to-turn fault. (b) Middle turn-to-turn fault. (c) Bottom turn-to-turn fault. 
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Table 1. Basic parameters of transformer.






Table 1. Basic parameters of transformer.










	Quantity
	Value
	Unite





	Rated capacity
	3600
	kVA



	Number of branches
	4
	



	Rms high voltage
	25
	kV



	Rms high current (HV1, HV2, HV3, HV4)
	36
	A



	Rms low voltage
	1.5
	kV



	Rms low current (LV1, LV2, LV3, LV4)
	600
	A



	Number of primary winding turns
	1957
	



	Number of secondary winding turns
	117
	



	Core diameter
	225
	mm



	Inner diameter of low voltage winding
	245
	mm



	Outer diameter of low voltage winding
	329
	mm



	Inner diameter of high voltage winding
	369
	mm



	Outer diameter of high voltage winding
	542
	mm



	Height of low voltage winding
	406
	mm



	Height of high voltage winding
	406
	mm



	Height of iron core
	1335
	mm



	Width of iron core
	816.5
	mm
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Table 2. The peak current multiple of each branch under different short-circuit positions.
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	Location/Peak Current
	HV1
	HV2
	HV3
	HV4
	LV1
	LV2
	LV3
	LV4





	Bottom
	1.29
	0.99
	1.00
	1.22
	0.89
	1.00
	1.00
	0.93



	Mid
	1.74
	0.99
	1.00
	0.97
	0.79
	1.00
	1.00
	1.00



	Top
	1.51
	1.04
	1.00
	0.98
	0.88
	1.00
	1.00
	1.01
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Table 3. The steady-state current multiple of each branch under different short-circuit positions.
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	Location
	HV1
	HV2
	HV3
	HV4
	LV1
	LV2
	LV3
	LV4





	Bottom
	1.11
	0.99
	0.99
	1.08
	0.88
	1.00
	1.00
	0.93



	Mid
	1.45
	0.99
	1.00
	0.96
	0.76
	1.00
	1.00
	1.00



	Top
	1.23
	1.01
	1.00
	0.96
	0.88
	1.00
	1.00
	1.01
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Table 4. The change multiples of axial peak resultant forces of windings.
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	HV1
	HV2
	HV3
	HV4
	LV1
	LV2
	LV3
	LV4





	Bottom
	12.62
	0.70
	0.61
	10.29
	10.44
	1.47
	1.42
	8.87



	Mid
	0.91
	0.56
	0.66
	1.56
	1.37
	1.12
	1.00
	0.57



	Top
	18.64
	1.91
	0.88
	2.77
	14.53
	1.11
	0.95
	1.30










[image: Table] 





Table 5. The change multiples of radial peak resultant forces of windings.
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	HV1
	HV2
	HV3
	HV4
	LV1
	LV2
	LV3
	LV4





	Bottom
	1.73
	0.99
	1.00
	1.46
	2.39
	1.00
	1.00
	1.03



	Mid
	3.04
	0.99
	1.00
	0.95
	3.22
	1.00
	1.00
	0.98



	Top
	1.98
	1.02
	1.00
	0.97
	2.02
	1.00
	1.00
	1.00
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