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Abstract—To achieve a precise, high leakage inductance for an 

integrated magnetic transformer, a magnetic shunt (based on low-

permeability materials) is usually added to the planar 

transformer. However, high-performance low-permeability power 

materials are not readily available in the market. Therefore, two 

new topologies for shunt-inserted planar transformer are 

proposed in this paper. In the proposed topologies, the magnetic 

shunts are based on high-permeability materials like ferrite, which 

is widely available, and use multiple small gaps to approximate a 

low-permeability material as an alternative to a low-permeability 

magnetic shunt. The analysis, design and modelling of the 

proposed planar transformers are presented in detail. It is shown 

that the magnetizing inductance can be controlled by vertical air 

gaps and the leakage inductance value can be controlled by the 

thickness of the shunt. Hence, the desirable leakage inductance 

and magnetizing inductance values for the integrated transformer 

can be obtained for use in LLC resonant converters. The 

theoretical analyses are verified by finite element analysis (FEA) 

and the AC resistance for the proposed topologies is discussed. 

Keywords—LLC resonant converter; planar Transformer; 

magnetic shunt; magnetizing inductance; leakage inductance. 

I.  INTRODUCTION  

The pulse-width-modulated converters, such as buck and 
boost, suffer from high switching losses and cannot provide high 
efficiency at high switching frequency [1, 2]. Hence, in these 
converters, high power density cannot be obtained since the 
switching frequency is limited [3, 4]. Resonant converters 
benefit from soft switching capability; therefore, they can be 
operated at high switching frequency to achieve high power 
density. Amongst resonant converters, the LLC resonant 
converter is a well-known converter due to its numerous 
advantages, viz high efficiency at high input voltage range, soft 
switching capability and integrating magnetic components [5, 
6].  

Three magnetic components including a resonant inductor, 
parallel inductor and transformer are needed in an LLC resonant 
converter. All three magnetic components can be integrated in a 
single component to increase the power density and efficiency 
and decrease the cost [7]. Therefore, in recent years, many 
efforts have been done to integrate magnetics components for 
LLC resonant converters [8-10]. Integrating magnetic 
components may be obtained by adding additional windings to 
the transformer [11]. However, in this structure, the conduction 
losses are high due to additional windings. Inserting a magnetic 
shunt which is based on low-permeability materials into a planar 

transformer is a method to obtain high leakage inductance value. 
The interest in magnetic shunts has increased recently because 
the method integrates all the three components in one magnetic 
core without any additional windings and benefits from 
advantages of planar transformers, viz high power density, better 
cooling capability, modularity and manufacturing simplicity. In 
addition, the leakage inductance can be predicted accurately in 
this method [12, 13]. The procedure to calculate the leakage 
inductance for the planar transformer with shunt-inserted is 
provided in [14]. It is shown that the energies stored in the air 
gap, windings and insulation layers are far lower than magnetic 
shunt. In [15], the relationship between air gap and the relative 
permeability of the shunt and values of leakage and magnetizing 
inductances are investigated. It is shown that the magnetizing 
inductance and leakage inductance values can be determined for 
a limited range of leakage inductance value by controlling the 
air gap length and the relative permeability of the shunt, 
respectively.  

Even though shunt-inserted planar transformer can provide a 
high and accurate leakage inductance, the magnetic shunt must 
be based on low-permeability materials, which are not often 
readily available in the necessary size and permeability for the 
applications, and are expensive. Therefore, in order to overcome 
this issue, two new structures for shunt-inserted planar 
transformer are proposed in this paper. The proposed shunt-
inserted structures are based on high-permeability materials like 
ferrite, which is widely available in the market, and use small air 
gaps to approximate a low-permeability material as an 
alternative to magnetic shunt based on low-permeability 
materials. The analysis, modelling and design of the proposed 
integrated magnetic transformers are provided in detail. In 
addition, the relationship between the magnetizing inductance 
and leakage inductance values and the characteristic of the shunt 
based on high-permeability materials is studied. It is shown that 
the magnetizing inductance has a direct relationship with 
vertical air gaps while the leakage inductance value is mainly 
influenced by the thickness of the shunt.  The theoretical analysis 
is confirmed by finite element analysis (FEA) and the AC 
resistance for the proposed topologies is discussed.   

The paper is organized as follows: First, the basic definition 
of magnetizing and leakage inductances and modelling of both 
proposed integrated magnetic transformers are presented in 
section II. In section III, the simulation results are provided. A 
discussion about the benefits of the proposed segmental shunt 
compared to the conventional one is presented in section IV. 
Finally, a brief conclusion can be found in section V. 



II. MAGNETIZING AND LEAKAGE INDUCTANCE CALCULATION 

FOR THE PROPOSED TOPOLOGIES 

A. Basic definition of magnetizing and leakage inductances 

The equivalent circuit of a coupled inductor is shown in Fig. 
1(a). The relationship between primary and secondary voltages 
and currents of this coupled inductor may be expressed by (1) 
[15, 16]. [𝑉𝑃𝑉𝑆] = [𝐿𝑃𝑃 𝐿𝑃𝑆𝐿𝑆𝑃 𝐿𝑆𝑆] ddt [𝑖𝑃𝑖𝑆]      (1) 

where 𝐿𝑃𝑆 and 𝐿𝑆𝑃 are mutual inductances and 𝐿𝑃𝑃 and 𝐿𝑆𝑆 are 
primary and secondary self-inductances, respectively. Another 
equivalent circuit model of the coupled inductor can be also 
derived which is shown in Fig. 1(b). The relationship between 
the voltages and currents of this equivalent circuit may be 
obtained by (2). 

[𝑉𝑃𝑉𝑆] = [   
 𝐿𝑙𝑘1 + 𝐿𝑚 𝑁𝑆𝑁𝑃 𝐿𝑚𝑁𝑆𝑁𝑃 𝐿𝑚 𝐿𝑙𝑘2 + 𝑁𝑆2𝑁𝑃2 𝐿𝑚]   

 ddt [𝑖𝑃𝑖𝑆]      (2) 

where 𝑁𝑃  and 𝑁𝑆  are the total numbers of primary and 
secondary turns and  𝐿𝑚 is the magnetizing inductance of the 
transformer and may be defined by the following equation.  𝐿𝑚 = 𝑁𝑃𝑁𝑆 𝐿𝑃𝑆     (3) 

The mutual inductance may be calculated as (4). 𝐿𝑃𝑆 = 𝑁𝑆𝐼𝑃  𝜙𝑃𝑆 (4) 

where 𝜙𝑃𝑆 is the mutual flux generated by the primary winding. 
From (3) and (4), the magnetizing inductance can be achieved 
as follows.  𝐿𝑚 = 𝑁𝑃𝐼𝑃  𝜙𝑃𝑆     (5) 

Therefore, in order to obtain the value of the magnetizing 
inductance, the mutual flux needs to be obtained. The primary 
self-inductance may be obtained by (6). 𝐿𝑃𝑃 = 𝑁𝑃2𝑅      (6) 

where 𝑅 is the core reluctance referred to the primary winding. 
The total leakage inductance value referred to the primary side 
can be obtained by (7) [15, 16]. 𝐿𝑙𝑘 = 2𝐿𝑃𝑃 − 2𝐿𝑚     (7) 

It is worth noting that in the shunt-inserted planar 
transformer, the flux of the window area can be  compared to the 
flux of the magnetic shunt [12, 15]. Therefore, to calculate the 
leakage inductance value, only the leakage inductance caused by 
the magnetic shunt is considered in this work.  

B. Five-segment magnetic shunt  

The schematic of the first proposed shunt-inserted integrated 
magnetic transformer is shown in Fig. 2 (a). As shown in Fig. 
2(a), the magnetic shunt includes four horizontal air gaps in this 
topology and is based on high-permeability material. In addition, 
in this topology, the primary and secondary windings are 
separated in the top and bottom of the magnetic shunt, 
respectively. The equivalent reluctance model of the proposed 
topology with a five-segment magnetic shunt is shown in Fig. 
2(b). In this model, 𝑅𝐶1, 𝑅𝐶2 and 𝑅𝐶𝐶 are reluctances of the core, 𝑅𝑆1, 𝑅𝑆2 and 𝑅𝑆𝑆 are reluctances of the shunt and 𝑅𝑔1, 𝑅𝑔2 and 𝑅𝑔𝑔 are the reluctances of the air gaps and may be calculated by 

the following equations. 𝑅𝐶1 = 𝑙𝑐1µ0µ𝑟𝑏𝑑𝑊𝑐 (8) 𝑅𝐶2 = 𝑙𝑐2µ0µ𝑟𝑏𝑑𝑊𝑐 (9) 𝑅𝐶𝐶 = 𝑙𝑐1µ0µ𝑟𝐴𝑐 (10) 𝑅𝑆1 = 𝑡𝑠ℎ2µ0µ𝑠𝑏𝑑𝑊𝑐 (11) 𝑅𝑆2 = 𝑏𝑤 − 2𝑙𝑔2µ0µ𝑠𝑡𝑠ℎ𝑊𝑐 (12) 𝑅𝑆𝑆 = 𝑡𝑠ℎ2µ0µ𝑠𝐴𝑐 (13) 𝑅𝑔1 = 𝑙𝑔1µ0𝑏𝑑𝑊𝑐 (14) 𝑅𝑔2 = 𝑙𝑔2µ0𝑡𝑠ℎ𝑊𝑐 (15) 𝑅𝑔𝑔 = 𝑙𝑔1µ0𝐴𝑐 (16) 

 
(a) 

 
(b)  

Fig. 2.  The proposed integrated magnetic transformer with five-segment 
shunt. (a) Schematic. (b) Reluctance model. 
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Fig. 1.  The equivalent circuit of (a) coupled inductor, (b) transformer. 
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where µ0 , µ𝑟  and µ𝑠  are the permeability of the air, core and 
shunt, respectively, 𝐴𝐶 is the core effective cross-sectional area 
and the other quantities are defined in Fig. 2(a).  

From the reluctance model given in Fig. 2(b). The mutual 
flux, 𝜙𝑃𝑆, can be obtained using (17).  𝜙𝑃𝑆 = 2𝑁𝑃𝐼𝑃(𝑅𝑆2 + 2𝑅𝑔2)𝑅𝑚(𝑅𝑚 + 2(𝑅𝑆2 + 2𝑅𝑔2)) (17) 

where 𝑅𝑚 is defined by (18). 𝑅𝑚 = 𝑅𝐶1 + 𝑅𝐶2 + 2𝑅𝐶𝐶 + 𝑅𝑆1 + 𝑅𝑔1 + 2𝑅𝑆𝑆 + 2𝑅𝑔𝑔 (18) 

From (5) and (17), the magnetizing inductance value may be 
obtained by (19). 𝐿𝑚 = 2𝑁𝑃2(𝑅𝑆2 + 2𝑅𝑔2)𝑅𝑚(𝑅𝑚 + 2(𝑅𝑆2 + 2𝑅𝑔2)) (19) 

Again from the reluctance model, the self-inductance of the 
primary winding may be calculated by (20). 𝐿𝑃𝑃 = 2𝑁𝑃2(𝑅𝑆2 + 2𝑅𝑔2 + 𝑅𝑚)𝑅𝑚(𝑅𝑚 + 2(𝑅𝑆2 + 2𝑅𝑔2)) (20) 

Finally, from (7), (19) and (20), the total leakage inductance 
value referred to the primary side may be obtained by (21). 𝐿𝑙𝑘 = 4𝑁𝑝2𝑅𝑚 + 2(𝑅𝑆2 + 2𝑅𝑔2) (21) 

The calculated magnetizing inductance and leakage 
inductance values versus thickness of the magnetic shunt for 
different vertical air gaps are shown in Figs. 3(a) and (b), 
respectively. It is clear that the magnetizing inductance is mainly 
affected by the vertical air gap and does not change noticeably 
for different thickness of the shunt. On the other hand, the 
leakage inductance is mainly affected by the thickness of the 
shunt and length of the vertical air gap does not have a noticeable 
influence on it. Therefore, the magnetizing inductance and 
leakage inductance values can be determined by the length of 
the vertical air gaps and the thickness of the shunt, respectively.  

C. Two-segment magnetic shunt  

The schematic of the second proposed shunt-inserted 
integrated magnetic transformer is shown in Fig. 4 (a). As shown 
in this figure, even though the magnetic shunt still includes four 
horizontal air gaps and is based on high-permeability material, 
it only has two segments which makes the implementation 
easier, but with the penalty of less volume for windings. The 
primary and secondary windings are again separated in the top 
and bottom of the magnetic shunt, respectively. The equivalent 
reluctance model of the proposed topology with a two-segment 
magnetic shunt is shown in Fig. 4(b). In this model, 𝑅𝐶1′ , 𝑅𝐶2′  

and 𝑅𝐶𝐶′  are still reluctance of the core, 𝑅𝑆2′  is reluctances of 

each segment of the shunt and 𝑅𝑔1′ , 𝑅𝑔2′  and 𝑅𝑔𝑔′  are the 

reluctances of the air gaps and may be calculated by the 
following equations. 𝑅𝐶1′ = 𝑙𝑐1µ0µ𝑟𝑏𝑑𝑊𝑐 (22) 𝑅𝐶2′ = 𝑙𝑐2µ0µ𝑟𝑏𝑑𝑊𝑐 (23) 𝑅𝐶𝐶′ = 𝑙𝑐1µ0µ𝑟𝐴𝑐 (24) 𝑅𝑆2′ = 𝑏𝑤 − 2𝑙𝑔2′µ0µ𝑠𝑡𝑠ℎ𝑊𝑐 (25) 𝑅𝑔1′ = 𝑙𝑔1′µ0𝑏𝑑𝑊𝑐 (26) 𝑅𝑔2′ = 2𝑙𝑔2′µ0𝑡𝑠ℎ𝑊𝑐 (27) 

    
(a)         (b)  

Fig. 3.  The influence of five-segment shunt characteristics on (a) magnetizing inductance, (b) leakage inductances. Core: E32/6/20/R-3F4, shunt: 3F4, 𝐿𝑔2=0.46mm 
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Fig. 4.  The proposed integrated magnetic transformer with two-segment 
shunt. (a) Schematic. (b) Reluctance model. 
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𝑅𝑔𝑔′ = 𝑙𝑔1′µ0𝐴𝑐 (28) 

where µ0 , µ𝑟  and µ𝑠  are the permeability of the air, core and 
shunt, respectively, 𝐴𝐶 is the core effective cross-sectional area 
and the rest of the quantities are defined in Fig. 4(a).  

From reluctance model indicated in Fig. 4(b), the mutual 
flux, 𝜙𝑃𝑆′ , can be obtained by (29).  𝜙𝑃𝑆′ = 2𝑁𝑃𝐼𝑃(𝑅𝑆2′ + 𝐴 + 𝐵)𝑅𝑚′ (𝑅𝑚′ + 2(𝑅𝑆2′ + 𝐴 + 𝐵)) (29) 

where 𝑅𝑚′  is defined by (30). 𝑅𝑚′ = 𝑅𝐶1 + 𝑅𝐶2 + 2𝑅𝐶𝐶 + 𝐶 + 𝐷 (30) 

where 𝐴, 𝐵, 𝐶 and 𝐷 are defined as follows.  𝐴 = 𝑅𝑔2′ 2𝑅𝑔1′ + 2𝑅𝑔2′  (31) 

𝐵 = 𝑅𝑔2′ 22𝑅𝑔𝑔′ + 2𝑅𝑔2′  
(32) 

𝐶 = 𝑅𝑔1′ 𝑅𝑔2′𝑅𝑔1′ + 2𝑅𝑔2′  
(33) 

𝐷 = 2𝑅𝑔𝑔′ 𝑅𝑔2′2𝑅𝑔𝑔′ + 2𝑅𝑔2′  
(34) 

From (5) and (29), the magnetizing inductance value may be 
obtained by (35). 𝐿𝑚′ = 2𝑁𝑃2(𝑅𝑆2′ + 𝐴 + 𝐵)𝑅𝑚′ (𝑅𝑚′ + 2(𝑅𝑆2′ + 𝐴 + 𝐵)) (35) 

Again from the reluctance model, the self-inductance of the 
primary winding may be calculated by (36). 𝐿𝑃𝑃′ = 2𝑁𝑃2(𝑅𝑆2′ + 𝐴 + 𝐵 + 𝑅𝑚′ )𝑅𝑚′ (𝑅𝑚′ + 2(𝑅𝑆2′ + 𝐴 + 𝐵)) (36) 

Finally, from (7), (35) and (36), the total leakage inductance 
value referred to the primary side may be obtained by (37). 𝐿𝑙𝑘′ = 4𝑁𝑝2𝑅𝑚′ + 2(𝑅𝑆2′ + 𝐴 + 𝐵) (37) 

The calculated magnetizing inductance and leakage 
inductance values of the second topology versus thickness of the 
magnetic shunt for different vertical air gaps are shown in Figs. 
5(a) and (b), respectively. The magnetizing inductance value is 
again mainly influenced by the vertical air gaps while it does not 
change noticeably for different thickness of the shunt. However, 
the leakage inductance value is highly affected by the thickness 
of the shunt and length of the vertical air gaps does not have a 
significant effect on it. Therefore, the magnetizing inductance 
and leakage inductance values are decoupled and can be 

designed by the length of the air gaps and the thickness of the 
shunt, respectively.  

III. SIMULATION RESULTS 

In order to confirm the theoretical analysis of both proposed 

integrated magnetic transformers,  the simulation results of both 

topologies when they are designed at specifications presented 

in Table I are shown in this section. 

The magnetic field intensity of the first and second 

topologies are shown in Figs. 6(a) and (b), respectively. It is 

clear that the magnetic field intensity in the horizontal air gaps 

of the shunt is higher than the window area which proves the 

fact that leakage inductance value can be calculated from the 

flux going through the magnetic shunt. In addition, as shown in 

Figs. 6, the vertical air gaps have the highest magnetic field 

intensity, which confirms that the magnetizing inductance is 

highly affected by the length of vertical air gaps. The magnetic 

flux density vectors of the first and second topologies are shown 

in Figs. 7(a), and (b), respectively. The main flux goes through 

the vertical legs and a limited flux which is the leakage flux 

goes through the magnetic shunts.  

The leakage inductances, calculated by the theoretical 

analysis and measured by simulation, versus the thickness of 

the magnetic shunt and the length of the vertical air gaps are 

shown in Figs. 8(a) and (b), respectively. In addition, the 

magnetizing inductances, calculated by the theoretical analysis 

and measured by simulation, versus the thickness of the 

magnetic shunt and the length of the vertical air gaps are shown 

in Figs. 9(a) and (b), respectively. As shown in Figs. 8 and 9, 

the simulation results verify the theoretical analysis, and there 

is only a small discrepancy between the simulation and 

    
(b)         (b)  

Fig. 5.  The influence of two-segment shunt characteristics on (a) magnetizing inductance, (b) leakage inductance. Core: E32/6/20/R-3F4, shunt: 3F4, 𝐿𝑔2′ =0.46mm 

and 𝑁𝑃=10. 
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Table I.    Proposed Topologies’ Parameters 

Parameter Symbol Value 

Number of primary turn  𝑁𝑃 10 

Number of secondary turn 𝑁𝑆 2  

Core   𝐶 E32/6/20/R  

Permeability of shunt  µ𝑠 810 

Permeability of core  µ𝑟 810 

Vertical air gap for first topology  𝑙𝑔1 0.13 mm 

Vertical air gap for second topology  𝑙𝑔1′  0.28 mm 

Horizontal air gap for first topology  𝑙𝑔2 0.5 mm 

Horizontal air gap for second topology  𝑙𝑔2′  0.5 mm 



theoretical results. The assumption that leakage inductance 

caused by the window area is neglected and the fringing effects 

explain these discrepancies.  

 

The AC resistance to DC resistance ratio for both the 

proposed topologies versus operation frequency is shown in 

Fig. 10. Since the effect of fringing in the five-segment 

topology is less than two-segment topology and the length 

between the windings and shunts is higher in five-segment 

topology, the AC resistance to DC resistance ratio for the five-

segment topology is lower. Even though two-segment shunt 

topology benefits from easier manufacturing and lower volume, 

it suffers from higher AC resistance.  

IV. DISCUSSION 

Using a segmental magnetic shunt makes the assembling of 

the transformer a little bit hard. It is clear that this negative 

feature of segmental shunt is not a big problem, especially in 

high production rate, but a fair question is whether using 

segmental shunt based on the high-permeability material is 

better than a low-permeability shunt which is not segmental. 

Therefore, to shed light on this issue, the benefits of the 

proposed topologies are mentioned as follows. 

a) High-permeability materials are cheaper than low-

permeability materials. 

b) High-permeability material can be found widely in 

different sizes in the market. 

    
         (a)                                                                                      (b)  

Fig. 6.  Magnetic field intensity of the proposed topologies. (a) Five-segment shunt. (b) Two-segment shunt. 

    
         (a)                                                                                      (b)  

Fig. 7.  Magnetic flux density vector of the proposed topologies. (a) Five-segment shunt. (b) Two-segment shunt.  

        
         (a)                                                                                      (b)  

Fig. 8.  Leakage inductance of the proposed topologies versus (a) thickness of shunt, (b) vertical air gap length. Circle for five-segment shunt and square for two-

segment shunt. 

        
         (a)                                                                                      (b)  

Fig. 9.  Magnetizing inductance of the proposed topologies versus (a) thickness of shunt, (b) vertical air gap length. Circle for five-segment shunt and square for 

two-segment shunt. 
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c) Low-permeability materials are not readily available 

in the market.  

d) Low-permeability materials only can be found in 

limited relative permeability values in the market, 

which decreases the flexibility of the design. However, 

since the permeability of the shunt in the segmental 

shunts is approximated by the horizontal air gaps, the 

transformer can be designed with higher flexibility. In 

other words, changing of the thickness is far more 

flexible than the changing of the material for different 

relative permeabilities.   

e) In the proposed shunt topologies, the magnetizing 

inductance and leakage inductance values are 

decoupled, but when a one-segment shunt based on 

low-permeability materials is used, they are only 

decoupled for a limited range of leakage inductance 

values [15].  

In addition, it has been already confirmed in the literature that 

using a segmental high-permeability core to achieve a quasi-

distributed air gap is better than using low-permeability core 

due to the limitations of the low-permeability materials [17, 18]. 

V. CONCLUSION  

In this paper, two new topologies for shunt-inserted 

integrated magnetic transformer are proposed. In the proposed 

topologies, a segmental shunt based on high-permeability 

materials is used to approximate a unite shunt with low-

permeability material. The analysis and modelling of the 

proposed topologies are provided in detail. It is shown that the 

magnetizing inductance and leakage inductance for both 

topologies are highly influenced by the vertical air gaps and the 

thickness of the shunt, respectively. The theoretical analysis 

and design considerations are verified by finite element 

analysis. In addition, the AC resistance to DC resistance ratio 

for both of the proposed topologies versus operation frequency 

is discussed.  
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Fig. 10.  Ac resistance to DC resistance for both topologies versus frequency. 
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