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Abstract 

In this paper, a new design for an integrated planar transformer is presented which can provide asymmetric leakage inductance 

in primary and secondary sides. Therefore, the proposed integrated transformer can be used in bidirectional resonant converters 

in which the primary and secondary inductors have different values. To achieve a precise, high leakage inductance for the 

primary and secondary sides, two magnetic shunts are inserted into a planar transformer. In the proposed topology, flexible 

magnetic sheets which can be cut easily are used as the magnetic shunts, leading the design process to high flexibility. The 

analysis, design and modelling of the proposed integrated transformer are presented in detail. It is shown that the magnetising 

inductance can be determined by regulating the length of an inserted air gap inserted between two E-cores. In addition, the 

leakage inductance of the primary and secondary sides can be regulated separately by the length of air gaps inserted within the 

magnetic shunts. The theoretical analysis is verified by finite element analysis and the operation of the proposed integrated 

transformer is demonstrated while it is used in a CLLLC bidirectional converter. 

1 Introduction 

Nowadays, the development of energy storage systems (ESSs) 

especially household storage systems has gained popularity 

since they can restrain power fluctuation of the grid [1, 2]. In 

energy storage systems, the power needs to be transferred from 

the grid to batteries and vice versa [3-5]. Therefore, a 

bidirectional AC-DC converter followed by a bidirectional 

DC-DC converter are required in these systems. The DC-DC 

converters play an important role in these systems since they 

manage the power flow between DC bus and batteries and also 

boost or decrease the voltage level. Hence, it is preferred that 

the DC-DC converters have high efficiency and power density 

and low cost [6-8]. 

The bidirectional pulse-width-modulated (PWM) 

DC-DC converters suffer from low efficiency due to high 

switching losses and cannot be operated at high-frequency, 

leading to low power density [9, 10]. On the other hand, the 

resonant converters benefit from soft-switching capability 

inherently and therefore they can be a good candidate for 

bidirectional power transfer in energy storage systems [11]. 

Amongst resonant converters, the LLC converter is one of the 

most popular because of its advantages such as soft-switching 

capability, integration of magnetic components and high 

efficiency at wide input and output voltage range. However, 

this topology is only suitable for unidirectional power transfer 

since its operation principle changes noticeably in 

bidirectional power transfer mode and its soft-switching 

capability cannot be attained for both directions [12]. 

A lot of research has been done to adopt the LLC 

resonant converter for bidirectional power transfer. A 

bidirectional LLC converter which has unity turns ratio and 

symmetric components in primary and secondary sides of its 

transformer is proposed in [13]. The topology presented in [13] 

still benefits from all advantages of the LLC resonant 

converter while it can transfer power in any direction. 

However, the gain of the converter must be unity in this 

topology. Therefore, this topology is not suitable for battery 

charging applications in which the battery voltage varies 

significantly during the whole charging process. Another 

design methodology for LLC-type converter is proposed in 

[14], to overcome the issue of wide input and output voltage 

ranges. 

The converter proposed in [14] is a bidirectional 

CLLLC resonant converter which is based on an LLC-type 

converter with an extra inductor and capacitor in the secondary 

side. It can operate with wide input and output voltage ranges 

and soft-switching capability. Therefore, the design 

methodology presented in [14] can be a suitable choice for 

battery charging applications and is considered in this paper.  

 

  Fig. 1  Schematic of a bidirectional CLLLC resonant converter.  
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The topology of a CLLLC resonant converter is 

shown in Fig. 1. It can be seen that this converter needs four 

magnetic components, which makes the converter giant and 

costly. However, these magnetic components can be 

integrated into a single transformer to enhance the converter 

power density and efficiency and decrease its cost.  

Many methods have been introduced for the 

integration of magnetic components in an LLC resonant 

converter [15]. Amongst these methods, inserted-shunt 

integrated planar transformer has gained popularity since this 

method benefits from many advantages such as precise 

estimation of leakage inductance, achieving high leakage 

inductance and simple manufacturing [16-22]. In this method, 

the leakage inductance can be increased in both primary and 

secondary sides by inserting different types of magnetic 

shunts. However, the inserted-shunt integrated transformer 

can be only applied in a CLLLC converter when its magnetic 

components are symmetric in both primary and secondary 

sides. Therefore, the presented introduced inserted-shunt 

integrated transformers are not suitable for the converter 

proposed in [14] and other similar converters in which primary 

and secondary magnetic components are not symmetric.   

In this paper, in order to address the aforementioned 

issues with inserted-shunt integrated planar transformers, a 

new topology is proposed which can provide asymmetric 

leakage inductance in the primary and secondary sides of an 

integrated transformer. In the proposed topology, two 

magnetic shunts are inserted between two E-cores and the 

primary and secondary windings are separated by being 

located above and below the magnetic shunts, respectively. In 

addition, flexible magnetic sheets which can be cut easily are 

used as the magnetic shunts in the proposed topology, leading 

the design process to high flexibility. The design and 

modelling of the proposed topology will be provided. It is 

shown that the magnetising inductance, and primary and 

secondary leakage inductances are decoupled from each other 

in the design process and can be regulated separately. Finite 

element analysis (FEA) results are presented to confirm the 

modelling and design guideline of the proposed topology. 

Finally, the operation of the proposed transformer while it is 

used in a bidirectional CLLLC resonant converter is 

investigated.  

The paper is organized as follows: The basic 

definition of magnetising and leakage inductances and 

modelling of the proposed integrated transformer is presented 

in section 2. In section 3, the simulation results are provided to 

confirm modelling and the operation of the proposed 

transformer is investigated when it is used in a CLLLC 

resonant converter. Finally, a conclusion for this work is 

provided in section 4.  

  

2. Proposed integrated transformer with 

asymmetric leakage inductances 

2.1 Basic definition of magnetising and primary and 

secondary leakage inductances  

 

The equivalent circuit of a coupled inductor is presented in Fig. 

2(a) and relationship between its voltages and currents may be 

presented as (1) [23, 24]. [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 for a coupled inductor can be also defined 

which is presented in Fig. 2(b) and relationship between its 

voltages and currents may be expressed as (2). 

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

 dd𝑡  [𝑖P𝑖S]      (2) 

where 𝑁P and 𝑁S are turns number of primary and secondary 

windings and 𝐿m is magnetising inductance which may be 

expressed as (3).  𝐿m = 𝑁P𝑁S 𝐿PS     (3) 

The mutual inductance may be obtained by (4). 𝐿PS = 𝑁S𝐼P  𝜙PS (4) 

 
 a                                          b  

Fig. 2  The equivalent circuit of (a) coupled inductor, (b) 

transformer. 
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Fig. 3  The proposed integrated transformer. (a) Schematic. 

(b) Reluctance model. 
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where 𝜙PS is the mutual flux generated by the primary 

winding. From (3) and (4), the magnetizing inductance can be 

achieved as (5).  𝐿m = 𝑁P𝐼P  𝜙PS     (5) 

Therefore, the mutual flux needs to be calculated for 

calculation of the magnetising inductance. The primary self-

inductance may be expressed as (6).  𝐿PP = 𝑁P2ℛ  (6) 

where ℛ is the core reluctance. The primary and secondary 

leakage inductances can be achieved by (7) and (8), 

respectively [23, 24]. 𝐿lk1 = 𝐿PP − 𝐿m     (7) 𝐿lk2 = 𝐿SS − 𝑁S2𝑁P2 𝐿m     (8) 

 
2.2 Magnetising and leakage inductances calculation  

 

The schematic of the proposed shunt-inserted integrated 

transformer with asymmetric leakage inductances is shown in 

Fig. 3 (a). As shown, two magnetic shunts are inserted in 

between two E-cores and primary and secondary windings are 

separated by being located at the above and below of magnetic 

shunts. Two air gaps are inserted in between each E-core and 

its related shunt to regulate the leakage inductances. In 

addition, an air gap is inserted between the E-cores to regulate 

the magnetising inductance. The equivalent reluctance model 

of the proposed topology is presented in Fig. 3(b). In this 

model, the permeability of the core is assumed to be much 

larger than the permeability of the air and therefore the 

reluctance of the air gap and shunts only need to be considered. 

In addition, it is assumed that leakage flux is very small in the 

window area and can be ignored. In Fig. 3(b), ℛSP and ℛSS are 

reluctances of the shunts and ℛGP, ℛGS, ℛ𝐺 and ℛGG are the 

reluctances of the air gaps and may be expressed as follows:-  ℛSP = 𝑏𝑤 − 2ℓGP𝜇0𝜇𝑠𝑡SHP𝑤𝑐 (9) ℛSS = 𝑏𝑤 − 2ℓGS𝜇0𝜇𝑠𝑡SHS𝑤𝑐 (10) ℛGP = ℓGP𝜇0𝑡SHP𝑤𝑐 (11) ℛGS = ℓGS𝜇0𝑡SHS𝑤𝑐 (12) ℛG = ℓGµ0𝑏𝑑𝑤𝑐 (13) ℛGG = ℓGµ0𝐴𝑐 (14) 

where 𝜇0 is the permeability of the air and 𝜇𝑠 is the relative 

permeability of the shunt, 𝐴𝐶 is the core effective cross-

sectional area and the definition of other quantities can be 

found in Fig. 3(a).  

According to Fig. 3(b), the mutual fluxes 𝜙PS and 𝜙SP 

may be expressed as (15) and (16), respectively.  𝜙PS = 𝑁P𝐼PℛG2 + ℛGG (15) 

𝜙SP = 𝑁S𝐼SℛG2 + ℛGG (16) 

Applying (15) in (5), the magnetising inductance may be 

calculated as  𝐿m = 𝑁P2ℛG2 + ℛGG (17) 

In addition, the self-inductance of the primary and secondary 

windings may be obtained as (18) and (19), respectively. 

     
a                                                              b                                                              c 

     
d                                                             e                                                              f 

Fig. 4  The calculated leakage and magnetising inductances for different thickness of the shunts and air-gap lengths. (a) 𝐿lk1 

versus 𝑡SHP,S and ℓG. (b) 𝐿lk2 versus 𝑡SHP,S and ℓG. (c) 𝐿lk1 versus ℓGS and ℓGP. (d) 𝐿lk2 versus ℓGP and ℓGS. (e) 𝐿m versus ℓG 

and 𝑡SHP,S. (f) 𝐿m versus ℓGS,P and 𝑡SHP,S. Core: E58/11/38-3F4, 𝑁P=40, 𝑁S=40.   
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𝐿PP = 𝑁P2(ℛSP2 + ℛGP + ℛG + 2ℛGG)(ℛSP2 + ℛGP)(ℛG2 + ℛGG)  (18) 

𝐿SS = 𝑁S2(ℛSS2 + ℛGS + ℛG + 2ℛGG)(ℛSS2 + ℛGS)(ℛG2 + ℛGG)  (19) 

From (7), (8), (17), (18) and (19), the primary and secondary 

leakage inductances may be calculated as (20) and (21), 

respectively.  𝐿lk1 = 2𝑁P2ℛSP2 + ℛGP (20) 

𝐿lk2 = 2𝑁S2ℛSS2 + ℛGS (21) 

The calculated magnetising inductance and primary and 

secondary leakage inductances versus thickness of the shunt 

for different air gaps are shown in Figs. 4(a)-(f), respectively. 

It is clear that the magnetising inductance is mainly affected 

by the air gap which is inserted in between E-cores (ℓG) and 

does not change noticeably for different thicknesses of the 

shunts. On the other hand, the leakage inductances are mainly 

affected by the thickness of the shunts and the air gap between 

them and E-cores (ℓGP and ℓGS). As presented in Fig. 4 and 

from (20) and (21), the primary leakage inductance is only 

affected by the primary shunt and the secondary leakage 

inductance is only affected by the secondary shunt. Therefore, 

the magnetising inductance and primary and secondary 

leakage inductances are decoupled from each other in the 

design process and can be determined separately.   

Commercially available flexible magnetic sheets like 

Flexield IFL/IBF, which is available from the thickness of 

0.05mm, can be used as the magnetic shunts and the thickness 

of the shunts can be also increased by inserting them in 

parallel, which increases the flexibility of the design.  

3. Simulation Results 

In this section, FEA results of a designed integrated 

transformer with specifications presented in Table 1 are 

provided to confirm the theoretical analysis. The transformer 

is designed to be used in an exemplar bidirectional CLLLC 

resonant converter with characteristic presented later in 

Table 2.  

The magnetic field intensity of the proposed 

transformer is shown in Fig. 5(a). As shown, the magnetic field 

intensity in the shunts air gaps (ℓGP and ℓGS) is higher than the 

window area which proves the fact that leakage inductance is 

mainly affected by the magnetic shunt and leakage flux going 

through the window area is negligible. In addition, the air gap 

inserted in between E-cores (ℓG) has the highest magnetic field 

intensity and therefore the magnetising inductance is highly 

affected by the length of this air gap. The magnetic flux density 

vectors of the proposed topology are shown in Fig. 5(b). The 

main flux goes through the vertical legs and some of the flux 

goes through the magnetic shunts in order to realise the 

leakage inductance.   

The leakage and magnetising inductances of the 

proposed topologies measured by FEA and calculated from 

equations (17), (20) and (21) are shown in Figs. 6(a) and (b), 

respectively. As shown, there is only a small discrepancy 

between calculated and measured values which confirms the 

accuracy of theoretical analysis. The introduced assumptions 

for modelling of the proposed transformer such as negligible 

fringing effect, negligible reluctance of the cores and 

Table 1  Proposed structure’s specification 

Symbol Parameter Value 𝑁P Primary turns number 40 𝑁S Secondary turns number 10 

S Shunt material IFL04 ℓG Transformer air gap 1.50 mm ℓGP Distance between shunt and cores  0.10 mm ℓGS Distance between shunt and cores  0.10 mm 

C Core material of E58/11/38 3F4 𝑡SHP  Thickness of primary shunt 0.05 mm 𝑡SHS  Thickness of secondary shunt 0.10 mm 

 

Table 2  The designed CLLLC Converter’s Specification 

Symbol Parameter value 𝑁P: 𝑁S Turns ratio  40:10 𝐿m Magnetising inductance 310 H 𝐿𝑟1 Primary resonant inductance 082 H 𝐿𝑟2 Secondary resonant inductance 5.75 H 𝐶𝑟1 Primary resonant capacitance 031 nF 𝐶𝑟2 Secondary resonant capacitance  500 nF 𝑉in  Input voltage  350-450 V 𝑉out Output voltage 080-120 V 𝑃out Output power 1 kW 𝑓s Switching frequency 70-135 kHz 

         
a                 b 

Fig. 5  FEA simulation results of the proposed topology. (a) Magnetic field intensity. (b) Magnetic flux density vectors. 
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negligible flux of window area explain the reason of the small 

discrepancy between calculated and measured values.  

The operation of the proposed integrated transformer 

needs to be investigated when it is used in a bidirectional 

CLLLC resonant converter. Therefore, the simulation results 

of a bidirectional CLLLC resonant converter while its 

magnetic components are integrated in the proposed 

transformer for battery charging mode (BCM) and 

regeneration mode (RM) are presented in Figs. 7 and 8, 

respectively. As shown, the converter operates properly in 

both modes and the switches are turned on at zero-voltage 

(ZVS) since the drain-to-source voltage of switches drops to 

zero and then its gate voltage increases. It has to be mentioned 

that the bidirectional CLLLC converter is designed according 

to the design procedure outlined in [14] and its specifications 

are presented in Table 2.  

4 Conclusion 

In this paper, a new topology for shunt-inserted integrated 

transformers is proposed which can provide asymmetric 

leakage inductances for primary and secondary sides. The 

proposed topology is simple and only two magnetic shunts are 

inserted in between two planar E-cores. In addition, since the 

commercially available flexible magnetic sheets can be used 

as the magnetic shunts, the proposed topology can be 

implemented with high flexibility in the design process. The 

design guideline and modelling of the proposed topology is 

provided and is confirmed by FEA. In addition, an exemplar 

bidirectional CLLLC resonant converter is designed and the 

operation of the proposed transformer is investigated when it 

is used in the designed bidirectional converter. It is shown that 

the proposed transformer can integrate all the four magnetic 

components of an asymmetric bidirectional CLLLC resonant 

converter into a single planar transformer.  
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a                                                             b 

Fig. 6  Modelling validation by FEA. (a) Leakage inductance (ℓ𝐺 = 1.5𝑚𝑚). (b) Magnetising inductance (𝑡SHP = 𝑡SHS =0.05𝑚𝑚). 𝑁P=40, 𝑁S=40, ℓGP = ℓGS = 0.1𝑚𝑚. 
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Fig. 7  Simulation results for BCM. (a) Input voltage, 𝑉𝑖𝑛, battery voltage, 𝑉𝑏𝑎𝑡𝑡, primary current, 𝑖𝑟1, and secondary current, 𝑖𝑟2. (b) D switch voltage, 𝑉𝑆𝐷, D switch pulse voltage, 𝑉𝑃𝑆𝐷, primary current, 𝑖𝑟1, and D switch current,  𝑖𝑆𝐷.  

    
a                                                  b 

Fig. 8  Simulation results for RM. (a) Input voltage, 𝑉𝑖𝑛, battery voltage, 𝑉batt, primary current, 𝑖𝑟1, and secondary current,  𝑖𝑟2. 

(b) F switch voltage, 𝑉𝑆𝐹, F switch pulse voltage, 𝑉𝑃𝑆𝐹, primary current, 𝑖𝑟1, and F switch current, 𝑖𝑆𝐹. 
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