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Abstract: The existence of leakage flux in high-frequency transformers is inevitable and can lead 
to increase the leakage inductances. The leakage inductance has considerable effect on operation of 
transformers. For instance, it can increase the rise time. Although the value of the leakage 
inductance cannot be zero, it can be limited. One of the ways to reduce this inductance is to choose 
the right place for windings and where they should be located. In this paper, one type of pulse 
transformers including a primary winding and four secondary windings has been studied and 
investigated. For three different locations of windings, transformer has been modeled and simulated 
in ANSYS. In these simulations, by changing the location of primary winding, the leakage 
inductance for each case has been determined and according to obtained results, the best 
arrangement for winding locations has been found.   
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INTRODUCTION 

 
In several applications, such as x-rays for medical and industrial use, gas lasers for plasma technology, 

need high-voltage pulses which are often obtained from a pulse generating circuit driving a high-voltage pulse 
transformer (Redondo, 2002). The large number of turns in the secondary windings and also insulation gap 
between layers of winding and windings increase the leakage inductance of pulse transformers. The rise time of 
high voltage pulse is depending on the leakage inductance. Many applications, such as medical, technology and 
military need high-voltage fast rising pulses. This requires efficient and flexible pulsed power circuits with 
optimization of all components (Chung, 2001; Grass, 2001; Jethwa, 1981; Gaudreau, 2001; Cheng, 1999). 
 Design of the pulse transformer is one of the most critical tasks, due to the characteristics of high-voltage 
transformers (winding turns ratio usually greater than 1:10, large insulation gap between windings and between 
winding layers), which increase the values of the parasitic elements, inter-winding capacitances, and equivalent 
leakage inductance, normally associated, respectively, with the electrostatic energy stored between windings 
and with the magnetic energy stored outside the core. These elements, related with the non ideal behavior of the 
transformer, extend the pulse rise time and cause overshoot and oscillations (Ranon, 1989; Lord, 1971). To 
overcome problems caused by the parasitic elements, new transformer design methods (Kheraluwala, 1992; 
García, 1994) and resonant topologies (García, 1994; Kein, 1995; Sun, 1999), have been used. Even though, all 
of these techniques must coexist with the fact that the transformer must sustain the total voltage between the 
primary and secondary windings, which is sometimes fairly expensive to accomplish. 
 One of the decreasing methods of the transformer leakage inductance is using two auxiliary winding 
between primary and secondary. To contribute to a better understanding of transformer operation with auxiliary 
windings, a mathematical model based on the theory of electromagnetic coupled circuits is proposed in 
(Khodakarami, 2010).  In (Khodakarami, 2010) the effect of auxiliary winding is analyzed and simulated using 
finite element method and its result verify the operation of this method.   
 In this paper, the reduction of leakage inductance using winding arrangement is investigated. For this 
purpose, one type of pulse transformers including a primary winding and four secondary winding has been 
selected. For three different cases of different locations of windings, transformer has been modeled and 
simulated in ANSYS. By changing the location of primary windings, the leakage inductance for each case has 
been determined and according to the obtained results, the best arrangement of winding locating has been 
obtained. 
 
II. Characteristics Of Simulated Transformer: 
 Fig.1 shows a transformer with one primary and four secondary windings. The operation frequency and 
flux density are 80 kHz and 140 mT respectively. The other characteristics of this transformer are shown in 
Table. 1.  
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A. Core Selection: 
 Various core materials are reviewed and Magnetic ferrite EC type core 47 228-EC with R material is 
selected (Cheng, 1999). The core has 50.5 cm3 volumes (Ve). Calculated core loss (at 150 mT) is 6.2 W for 80 
kHz operating frequency. Total usable power of the core at 150 mT is 9.9 kW. Therefore, the selected core has 
enough power to handle capability than the required transformer power of 1.67 kW (Ranon, 1989). The B-H 
curve of ferrite core is shown in Fig. 2. 
 

 

Fig.  1: Transformer with four windings (Kim, 2004). 

Table 1: Characteristics of the transformer (Kim, 2004). 

80kHz/90%/0.64 Frequency/Efficiency/Duty 
265 Vdc 

Primary Voltage 
212 Vrms 
1375 Vdc 

Secondary Voltage (S1/S2) 
1100 Vrms 
1458 Vdc 

Secondary Voltage (S3/S4) 
1166 Vrms 

1668 W Input 
Total Power 

1501 W Output 
7.87 Arms Input 

Total Current 
1.36Arms Output 

S1,S2=5.19 
Turn Ratio (primary=1) 

S3,S4=5.50 
15 turn/ 2 layer Primary 

Turns 78 turn/ 9 layer S1,S2 
83 turn/ 7 layer S3, S4 

140 mT Operation Flux Density 
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Fig. 2: Core B-H curve of transformer. 

B. Winding Design and Arrangement:  
 The windings are arranged so that the magneto motive forces between primary and secondary are balanced. 
With the core, insulation film and wire, the transformer losses are calculated for different flux densities. 
Considering available window area of the core, total transformer loss, temperature rise and operation flux 
densities are selected as 140 mT for 80 kHz. Table 1 is winding summary of the transformer for 80 kHz. The 80 
kHz transformer is tried three different winding arrangements to find an optimum operation condition. Those 
arrangements are shown in Figs.3 –5. Primary winding is winded on whole length of the core bobbin while 
secondary windings are separated by half-length of the bobbin. The followings explain the main differences of 
each type. 

1) Type-I: Primary winding is arranged at the most inner side of windings as shown in Fig. 3. 
2) Type-II: Primary winding is arranged in the middle of windings as shown in Fig. 4. 
3) Type-III: Primary winding is arranged at the most outer side of windings as shown in Fig. 5. 

 

Fig. 3: Type-I winding arrangement of 80-kHz transformer (Kim, 2004). 
 

Fig. 4: Type-II winding arrangement of 80-kHz transformer (Kim, 2004). 
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Fig. 5: Type-III winding arrangement of 80-kHz transformer (Kim, 2004). 

 
III. Finite Element Analysis of Transformer: 
 To evaluate the effects of auxiliary windings on the leakage inductance reduction, a pulse transformer with 
different winding arrangements are modeled and simulated in ANSYS software. ANSYS is a finite element 
analysis (FEA) code widely used in the computer-aided engineering (CAE) field. It is powerful software to 
analyze the magnetic energy with finite element method. 
 The leakage and magnetic inductances are functions of the stored energy in the window and core of the 
transformer respectively. To simulate the magnetic and leakage flux of pulse transformer (as loads), the current 
density is needed. So, the current density is applied to windings area. The potential is equal to zero in boundary 
and it is considered as boundary condition.  
 The modeled transformer in ANSYS is shown in Fig.6. The primary winding includes 15 T turns layers in 
window of transformer. The dimension of the primary winding is 30mm ×3mm. The line spacing between the 
primary and other windings is 1mm and it is 1mm between the middle leg of the transformer. 

 

Fig. 6: The model of transformer with windings. 

 
 The secondary winding consists of four windings which are similar pairs (S1 and S2, also S3 and S4 are the 
same). The turn numbers of S1 and S2 are 78 T which are fitted in the rectangular area with 25mm ×0.5mm 
dimensions. S3 and S4 have 83 turns and they are winded in the rectangular area with dimensions of 14mm ×1mm 
.The line spacing between the windings is 1mm. 
 
A. Determining Of The Windings Current Density: 
 The total winding is considered as a rectangle which the current density must be obtained for this area. The 
primary current is equal to 7.87 A. Number of turns for this winding is 15 T. So, the equal current density for 
primary winding can be calculated as following: 



Aust. J. Basic & Appl. Sci., 5(11): 219-227, 2011 
 

223 
 

     (1) 









2

11

total,1
1

m

A
1311667

330

87.715

IN

A
J  

Similarly, for other windings, the current density can be obtained from Equ.2 and Equ.3. 
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Therefore, these values can be used for current density in simulations. 
 
IV. Transformer Simulation: 
 The mentioned transformer for various arrangements has been simulated in the following parts. After that, 
obtained results are investigated. 
 
A. Calculating The Primary Winding Self- Inductance In Different Arrangements: 
 To calculate the primary inductance, the current density must be applied only to primary winding of the 
transformer and also the value of total core and leakage energy should be obtained. So, the current density value 
of 1311667 A/m2 (for a current value of 7.87) is applied to the primary winding. As it is shown in Fig.7, the 
flux lines in corners are less than other places. 
 Magnetic leakage flux in core is shown in Fig.8 which also proves the fact that the flux value in corner is 
less than other places. The magnetic energy in transformer core and also the stored energy per depth are shown 
in Fig.9. The energy value is equal to 139.019 J which is calculated for a depth of 1 meter. For a depth of 19 
mm, the obtained energy value must be multiplied by 0.019. As a result, the energy value for this depth is equal 
to 2.716 J. The relation between inductance and energy can be expressed as: 
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Fig. 7:  Flux line in the core in the first arrangement. 
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Fig. 8:  Flux density in the core in the first arrangement. 

 
 In this equation, with values of energy (2.716 J) and current (7.87 A), the primary inductance value is equal 
to 85.29 mH. 

Table 2: Magnetic energy and inductance of primary windings in different arrangements 
Type III Type IIType I 

2.641 2.704 2.716 Magnetic Energy [J] 
87.71 87.31 85.29 Magnetic Inductance [mH] 

 
 For other arrangements, the stored energy values are calculated and after that, magnetic inductance for each 
arrangement is determined. The obtained results are listed in Table.2. 
 
A. Calculating The Leakage Inductance of Primary Winding in Different Arrangements: 
 In the first arrangement, the secondary windings are winded on primary winding according to fig. (3). 
 The leakage inductance values for various arrangements have been obtained. The magnetic energy in 
transformer (including core, winding and window) with stored energy per depth has been shown in Fig.10. The 
energy value is 159.028 J for a depth of 1 m and this value for a depth of 19 mm is equal to 3.02153J. 

 
 

Fig. 9:  The energy distribution in the core elements and magnitude of saved energy (just core) in the first 
arrangement. 
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Fig. 10: The energy distribution in the whole model elements and total magnitude of saved energy in the first 
arrangement 

 Magnetic energy distribution and stored energy value core per depth is shown in Fig.11. These values for a 
depth of 1 m and 19 mm are 159.010 J and 3.02119J respectively. To calculate the leakage inductance, it is 
necessary to obtain the difference between two values of total energy and core energy. 

                    
(2) 

 
mJWWW coretotallekage 342.0  

 The leakage energy value is 0.342 mJ. Therefore, the leakage inductance value by equation L=2W/ is equal 
to 11.04 µH. 
 The second arrangement of winding is that the primary winding is located between secondary windings 
according to Fig. 4. Magnetic energy in transformer, core and stored energy per depth are shown in Fig.12 and 
Fig.13 respectively. 
 The stored energy in transformer (total energy) and in core are equal to 2.9605 J and 2.96028 J for a depth 
of 19 mm respectively. The leakage energy value in this arrangement is equal to 0.171 mJ and as a result, the 
leakage inductance value will be 5.52 µH. 
 The third arrangement of winding is that the primary winding is located on the secondary windings 
according to Fig. 5. For this arrangement, the magnetic energy in the transformer and the core along with stored 
energy per depth are shown in Fig.14 and Fig.15 respectively. 
 The stored energy in the transformer (total energy) and the core are 2.8208 J and 2.8206 J respectively for a 
depth of 19 mm. the leakage energy value in this arrangement is equal to 0.209 mJ and as a result, the leakage 
inductance value will be 6.75 µH. The obtained results of leakage energy and inductance of transformer for 
three arrangements is listed in Table.3. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11:  The energy distribution in the core elements and magnitude of  saved energy (just core) in the first 
arrangement 
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Fig. 13: The energy distribution in the core elements and magnitude of saved energy (just core) in the 
second             
               arrangement. 

 

 

 

 

 

 

 

 
Fig. 14: The energy distribution in the whole model elements and total magnitude of saved energy in the   
              third arrangement. 

Table 3: Leakage energy and inductance of primary windings in different arrangements. 
Type III Type IIType I 

209 171 342 Leakage Energy [µJ] 
6.75 5.52 11.04 Leakage Inductance [µH] 

 

Fig. 15:  The energy distribution in the core elements and magnitude of saved energy (just core) in the third  
arrangement. 
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Conclusion: 
 In this paper, one type of transformer including one primary winding and four secondary windings has been 
modeled and simulated by ANSYS software. The objectives of these simulations are to investigate the effects of 
winding arrangements on the leakage inductance. To do so, for mentioned transformer, three different 
arrangements have been considered in which the primary winding locations have been varied. Besides, the 
leakage inductance for each arrangement has been calculated by energy method. The obtained results for this 
transformer have shown that the primary leakage inductance for first, second and third arrangement are 11.04 
µH, 5.52 µH and 6.75 µH respectively. According to these values, it is obvious that the second arrangement in 
which primary winding is located among the secondary winding is the optimal case due to the lowest value of 
leakage inductance in this type. Furthermore, from the results it is shown that the primary magnetic inductance 
is insignificantly varied from 85.29 mH to 87.71 mH. 
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