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Abstract—The leakage inductance of an integrated 

transformer is usually utilised as the series inductor of an 
LLC topology. However, leakage inductance exists on both 
primary and secondary sides of an integrated transformer 
and secondary leakage inductance leads the control and 
design of the converter to difficulty. In this paper, a novel 
topology for inserted-shunt integrated transformers is 
proposed which has low secondary leakage inductance. 
The inserted shunt of the proposed topology is not 
segmental and can be located conveniently within the 
transformer. In addition, the inserted shunt does not 
require low permeability core material, simplifying its 
manufacture. The design and modelling of the proposed 
transformer topology are presented and verified by finite-
element analysis and experimental implementation. The 
proposed topology is also compared with a recently 
published inserted-segmental-shunt integrated 
transformer. It is shown that the proposed transformer 
provides higher efficiency and lower AC resistance. Finally, 
an LLC resonant converter is implemented to examine the 
performance of the proposed integrated transformer in 
practice. 

 
Index Terms—Integrated transformer, LLC resonant 

converter, secondary leakage inductance. 

 

I. INTRODUCTION 

NCREASE in power density alongside efficiency has been 

the trend for DC-DC power converters in recent years [1-4]. 

High power density can be achieved by increasing the switching 

frequency of the converters. However, the switching frequency 

must be limited in hard-switched pulse-width-modulated 

(PWM) converters like buck and boost converters since it 

causes high switching losses [5-7]. Resonant converters benefit 

from soft-switching capability inherently and therefore they can 

provide both high efficiency and power density. The LLC 

topology, shown in Fig. 1, is one of the most well-known 

resonant converters because of its unique advantages, 

especially its ability to repurpose the leakage and magnetising 

inductances of the transformer as the series and parallel 
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inductances of the LLC tank [8-10]. Integrating magnetic 

components of an LLC converter into a single magnetic device 

enhances the power density and efficiency.  Therefore, a lot of 

research for integrating magnetic components of LLC 

converters have been conducted [11].  

The leakage inductance of a transformer can be used as the 

series inductor of the LLC tank [12-14]. However, in this 

approach, the leakage inductance cannot be changed for 

different values and is determined based on the geometry of the 

core and windings.  

Alternatively, a structure in which the transformer has three 

windings—two windings for the transformer coiled around one 

leg and one winding coiled around another leg of cores for the 

series inductor—can be used [15, 16]. However, this structure 

suffers from higher conduction losses due to the auxiliary 

winding and eddy-current effect and low flexibility in design 

process.  

A further alternative is presented in [16-20] where the core of 

the transformer is manipulated to integrate both inductor and 

transformer cores into one core and either the primary or 

secondary windings is merged with the winding of the series 

inductor. Nonetheless, in this approach, a new type of core with 

unusual shape that is not readily available in the market is 

needed for every design.  

Leakage inductance can be also enhanced by interposing 

magnetic paper between winding layers [21]. However, the 

conduction losses of the winding increase in this topology due 

to the high eddy-current effect.  

An interleaved or a semi-interleaved windings structure can 

provide a lower AC resistance and a controllable leakage 

inductance [22, 23]. Nevertheless, in these approaches, the 

winding structure is complicated and the leakage and 

magnetising inductances are not decoupled and cannot be 

regulated separately, making the design process more 

complicated. Moreover, the primary and secondary windings 

are coiled around the outer legs, leading to a larger footprint for 
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Fig. 1. Topology of the half-bridge LLC resonant converter.  
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the transformer, lower power density and potentially higher 

electromagnetic interference (EMI) for the converter. 

Furthermore, in the interleaved winding structure, there is a 

high overlap area between the primary and secondary windings, 

which could increase the inter-winding capacitance to an 

undesirable value. 

A low-permeability magnetic shunt, such as a powder core, 

can be inserted into a planar transformer to achieve a high 

leakage inductance while the leakage and magnetising 

inductance are decoupled from each other and the readily 

available planar cores in the market can be used without any 

manipulation [24-26]. In this topology, which is known as 

inserted-shunt integrated transformer, there is no need for either 

an auxiliary winding or an unusual magnetic core and all three 

magnetic components of the isolated LLC converter can be 

integrated into only a single planar transformer. This topology 

also benefits from the advantages of planar transformers, viz 

high power density, improved cooling capability, modularity 

and manufacturing simplicity. However, the inserted shunt 

must have a specific and unusually low permeability in this 

topology, leading the design and manufacturing to difficulty 

and higher cost. Therefore, two new topologies are suggested 

in [27, 28] to address this problem. The magnetic shunt in these 

structures is formed by interleaving high permeability ferrite 

with thin plastic spacers to form a distributed air gap ferrite 

shunt with the same bulk permeability as the conventional low-

permeability shunt. The design becomes more economical in 

these structures because high-permeability materials like 

ferrite, which is widely available in different sizes and for lower 

price, can be used for the shunt. However, in these structures, 

the inserted shunt has several segments and must be placed in 

between two E-cores which makes the implementation difficult. 

In addition, in all of the structures with an inserted shunt [24-

29], the main issue is that the leakage inductance does not only 

increase in the primary side but also it increases in the 

secondary side.  

The effects of secondary leakage inductance on LLC resonant 

converters are investigated in [30]. First-harmonic 

approximation (FHA) has been usually used to analyse the LLC 

topology while the secondary leakage inductance is ignored. 

However, the voltage gain of an LLC converter is very sensitive 

to resonant components and ignoring the secondary leakage 

inductance causes inaccurate analysis [19, 31]. Alternatively, 

the primary and secondary leakage inductances are considered 

identical in many studies and the secondary leakage inductance 

is referred to the primary side of the simplified equivalent 

circuit according to transformer turns ratio. However, this 

method is also not precise, especially when the magnetising 

inductance is purposefully reduced by inserting air gaps in 

transformer cores [32]. Some research have been done to model 

the LLC converter while the secondary leakage inductance is 

considered [31, 33].  Even though these models estimate the 

gain of the converter more precisely, the design of the converter 

and its control system is more complicated when there is a high 

secondary leakage inductance [34]  and thus it is still preferred 

to have a negligible leakage inductance on the secondary side.  

Zhang, et al, [35] point out that, in LLC resonant converters 

for voltage regulator modules (VRM), the synchronous rectifier 

switches employ a self-driven method. In this situation, when 

the leakage inductance exists on the secondary side, there is an 

overlapping period of commutation between the secondary 

switches and their currents, leading to higher losses. In addition, 

Noah, et al, [32] found that the secondary leakage inductance 

causes some other major problems. Firstly, the secondary 

leakage inductance adds a virtual gain to the gain curve of the 

LLC converter and the converter encounters a non-unity gain at 

the nominal frequency, leading the control system to difficulty. 

Secondly, it limits the current delivered to the load by 

increasing the converter output impedance. 

It should be pointed out that the integrated transformers can 

also be used in other similar topologies like phase-shifted full-

bridge converters. Therefore, it is preferred that the leakage 

inductance only increases on one side and the topology of the 

converter remains the same as the original topology to avoid 

unnecessary new analysis and modification for each type of 

converter.  

In this paper, a new structure for the inserted-shunt integrated 

transformers is proposed to address the key issue of reducing 

high secondary leakage inductance. Fig. 2 shows the structure 

and reluctance model of the proposed integrated magnetic 

transformer.  Fig. 2(a) shows the transformer in the x-y plane 

(a) 

(b) 

  
(c) 

Fig. 2. The proposed integrated transformer. (a) Schematic in x-y plane. 
(b) Schematic in x-z plane. (c) Reluctance model.  
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and is divided into a primary section (consisting of an E-core 

half and winding) and a secondary section separated by an air 

gap.  Two shunts are placed across x-y faces of the primary E-

core. Fig. 2(b) shows the location of the shunts in the x-z plane.  

Since the shunts only provide a low-reluctance route for leakage 

flux of the primary winding, the primary leakage inductance 

only increases. In the proposed structure, the bulk permeability 

of the shunts can be regulated by changing their distances from 

the core rather than changing the air gaps length across them, 

which is in contrast with the segmental-shunt topology 

presented in [27, 28]. Hence, the proposed structure not only 

has the advantage of using high-permeability materials for the 

shunts but also requires solid, rather than segmental shunts.  

The proposed structure is analysed and modelled in detail. 

The theoretical analysis is verified by finite-element analysis 

(FEA) simulation and experimental results. An efficiency 

comparison and AC resistance analysis for the proposed 

structure and a recent structure with inserted-segmental-shunt 

presented in [27, 28] are provided. In addition, the performance 

of the proposed integrated transformer is investigated in 

practice by implementing an isolated LLC resonant converter. 

The experimental results show that the proposed structure can 

integrate all three magnetic components of an LLC converter 

into a single planar transformer.  

The paper is organised as follows: the proposed integrated 

transformer with low secondary leakage inductance is modelled 

in Section II. In Section III, theoretical analysis is verified by a 

simulation study. In Section IV, experimental verification of the 

proposed modelling and integration capability of the proposed 

structure are presented. The conclusion of the work is finally 

provided in Section V.  

II. PROPOSED INTEGRATED MAGNETIC TRANSFORMERS 

The schematic of the proposed structure, 

geometry/dimensions and reluctance model are shown in Figs. 

2(a), (b) and (c), respectively.  An air gap ℓg is inserted between 

the E-cores to regulate magnetising inductance and an air gap ℓs is located in between shunts and primary E-core to adjust the 

leakage inductance. The dashed line shown in the reluctance 

model, Fig. 2(c), divides the contribution into primary section 

(above the line) and secondary section (below the line) with the 

dividing line crossing air gap reluctances ℛg1 and ℛgg. The flux 

produced by the magnetic field of the current in the primary 

winding that links with the secondary winding is reduced by the 

reluctance route provided by the inserted shunts. However, this 

route does not affect the flux produced by the magnetic field of 

the current in the secondary winding that links with the primary 

winding since core reluctances, ℛ𝐶1, ℛ𝐶2 and ℛ𝐶𝐶 are 

negligible compared to air gap reluctance of the shunt, ℛg2.  

In the following this section, the modelling of the proposed 

structure is discussed for estimation of the leakage and 

magnetising inductances.  

Assuming the permeability of the core is very high then any 

energy that is stored in the transformer must be located outside 

of the core.  Equation (1) shows the energy stored in the volume 

of the winding, window area and shunt is equal the energy 

stored in the leakage inductance, 𝐿𝑙𝑘.  

𝐸 = 12 ∭𝐵𝐻 d𝑉𝑉 = 12 𝐿lk𝐼P2 
(1) 

where 𝑉 is the total volume of window area, windings and 

inserted-shunts, 𝐼P is the RMS of primary current, 𝐵 is the flux 

density and 𝐻 is the magnetic field intensity. 

The energy stored in the winding window area of cores and 

primary and secondary windings alongside the inserted shunts 

form the total energy stored by the leakage inductance. Fig. 3 

shows a cross-section of the right hand side of the transformer 

divided into several regions contributing the stored leakage 

energy. The primary winding consists of 𝑁P turns and is 

constructed from 𝑛P layers each with 𝑘P turns (𝑁P = 𝑘P𝑛P).  

Each primary winding layer has a height ℎP and an associated 

insulating layer with a height ℎ∆P.  Similar notation is used for 

the secondary winding, 𝑁S = 𝑘S𝑛S, with each layer having a 

height ℎS and insulating layer height ℎ∆S.  Regions 𝐸P and 𝐸S 

refer to the energy stored in the primary and secondary winding.  𝐸air is the energy stored proportion of the winding window not 

occupied by the windings and this is divided into a primary 

region of height 𝑥P and a secondary region of height 𝑥S.  

Therefore, the energy stored in each part needs to be obtained 

first and the total leakage inductance can be then calculated by 

their summation and (1).  

A. Energy stored in window area – Eair. 

The magnetomotive force (MMF) of each layer of the 

primary winding, 𝔉P, may be obtained from (2), where 𝑘P is the 

number of turns in each layer of the primary winding.  𝔉P = 𝑘P𝐼P (2) 

If 𝑛P and 𝑛S are defined as the number of layers of the primary 

and secondary windings, respectively, the MMF within the 

window area, 𝔉air, is equal to 𝑛P𝔉P and the magnetic field 

intensity within the air area, 𝐻air, may be obtained by (3).  

 
Fig. 3. MMF distribution for the proposed integrated transformer.  
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𝐻air = 𝑛P𝔉P𝑏𝑤  (3) 

From (1), the stored energy in not winding occupied region, 𝐸𝑎𝑖𝑟, (defined in Fig. 3) can be obtained as (4). 

𝐸air = 12 𝜇0𝑤𝑐𝑏𝑤 ∫ 𝐻𝑎𝑖𝑟2 d𝑥𝑥P
−𝑥S  (4) 

where 𝑤𝑐 is the core depth and 𝑥P and 𝑥S are the distances from 

the primary and secondary windings to the centre of the 

transformer, respectively, defined in Fig. 3. From (2)-(4), 𝐸𝑎𝑖𝑟 

in both windows (left and right windows of an E core) can be 

obtained as follows:-  

𝐸air = 𝜇0𝑤𝑐 𝑛P2𝑘P2𝐼P2𝑏𝑤 (𝑥P + 𝑥S)        (5) 

B. Energy stored in primary and secondary PCB windings  

From the MMF distribution presented in Fig. 3 which has 

been obtained based on method outlined in [14, 24, 25], the 

stored energy in PCB layers of primary and secondary windings 

can be obtained. Ouyang, et al, [14] proved that energy stored 

in the primary and secondary windings may be calculated as (6) 

and (7), respectively.  

𝐸P = 16 𝜇0 𝑤𝑐𝑏𝑤 𝑘P2[ℎ∆P(2𝑛P3 − 3𝑛P2 + 𝑛P) + 2ℎP𝑛P3]𝐼P2 (6) 

𝐸S = 16 𝜇0 𝑤𝑐𝑏𝑤 𝑘S2[ℎ∆S(2𝑛S3 − 3𝑛S2 + 𝑛S) + 2ℎS𝑛S3]𝐼S2 (7) 

In (6) and (7), ℎP and ℎS are defined as the thickness of the PCB 

tracks of the primary and secondary windings, respectively, and ℎ∆P and ℎ∆S are defined as the thickness of the PCB insulation 

layers of the primary and secondary windings, respectively.  

C. Energy stored in inserted shunts  

The stored energy in the inserted shunts can be obtained from 

the reluctance model using the method outlined by Ansari, et 

al, [27, 28]. Referring to Fig. 2(c), ℛg1, ℛgg and ℛg2 are air gap 

reluctances, ℛ𝐶1, ℛ𝐶2 and ℛ𝐶𝐶 are core reluctances and ℛS is 

shunt reluctance and they can be calculated by (8)-(14). In the 

provided reluctance modelling, it is assumed that both shunts 

are located at the same distance from the cores (ℓs), and 

therefore only a single shunt of double thickness (2𝑡sh) needs 

to be considered.  

ℛ𝐶1 = ℓ𝐶1𝜇0𝜇𝑟𝑏𝑑𝑤𝑐 (8) 

ℛ𝐶2 = ℓ𝐶2𝜇0𝜇𝑟𝑏𝑑𝑤𝑐 (9) 

ℛ𝐶𝐶 = ℓ𝐶1𝜇0𝜇𝑟𝐴𝑐 (10) 

ℛS = 𝑏𝑤2𝜇0𝜇𝑠𝑡sh𝑤sh (11) 

ℛg1 = ℓg𝜇0(𝑏𝑑+ℓg)(𝑤𝑐 + ℓg) (12) 

ℛg2 = ℓs2𝜇0(𝑏𝑑+ℓs)(𝑡sh + ℓs) (13) 

ℛgg = ℓg𝜇0(2𝑏𝑑+ℓg)(𝑤𝑐 + ℓg) (14) 

where 𝜇0, 𝜇𝑟 and 𝜇𝑠 are the permeability of the air, and the 

relative permeability of the core and shunt, respectively. 𝐴C is 

the core effective cross-sectional area and other variables are 

defined in Fig. 2(a). Hurley, et al, [36] showed that an effective 

cross-sectional area of the air gap with dimension a by b are 

equal to (a+g) by (b+g) when the fringing effect is considered 

and g is the length of the studied air gap.  

From the reluctance model presented in Fig. 2(c) and the 

method outlined by Ansari et al [27, 28], the magnetising 

inductance of the proposed integrated transformer (evaluated at 

the primary side) can be obtained as follows:- 

𝐿mP = 2𝑁P2ℛ𝐴ℛ𝐵 − (2ℛg2+ℛS) (15) 

where ℛ𝐴 and ℛ𝐵 can be defined as (16) and (17), respectively.   

ℛ𝐴 = ℛg1 + 2ℛgg + ℛ𝐵2ℛg2+ℛS  (16) 

ℛ𝐵 = ℛ𝐶1 + ℛ𝐶2 + 2ℛ𝐶𝐶 + 2ℛg2+ℛS (17) 

And the primary self-inductance can be obtained by 

𝐿PP = 𝑁P2ℛ𝑇𝑃      (18) 

where ℛ𝑇𝑃 is the core reluctance  (evaluated from the primary 

side) and can be obtained as (19). 

ℛ𝑇𝑃 = ℛ𝐶𝐶 + ℛ𝐶1 + ℛ𝐶22 +   (2ℛgg + 2ℛ𝐶𝐶 + ℛg1 + ℛ𝐶1 + ℛ𝐶2)(2ℛg2+ℛS)2(ℛg1 + 2ℛgg + ℛ𝐵)      (19) 

Finally, the primary leakage inductance due to the inserted 

shunts, 𝐿lkP(shunt), can be calculated by (20) [27, 28].  𝐿lkP(shunt) = 𝐿PP − 𝐿mP (20) 
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The secondary magnetising inductance (using a similar 

approach) can be obtained as (21).  

𝐿m𝑆 = 2𝑁S2ℛ𝐶ℛ𝐷 − (2ℛg2+ℛS) (21) 

where ℛ𝐶 and ℛ𝐷 can be defined as (22) and (23), respectively.   

ℛ𝐶 = ℛ𝐵2ℛg2+ℛS (22) 

ℛ𝐷 = ℛg1 + 2ℛgg + ℛ𝐵 (23) 

And the secondary self-inductance can be obtained by 

𝐿SS = 𝑁S2ℛ𝑇𝑆      (24) 

where ℛ𝑇𝑆 is the core reluctance (evaluated from the secondary 

side) and can be obtained as (25). 

ℛ𝑇𝑆 = ℛgg + ℛ𝐶𝐶 + ℛg1 + ℛ𝐶1 + ℛ𝐶22  +  (2ℛ𝐶𝐶 + ℛ𝐶1 + ℛ𝐶2)(2ℛg2+ℛS)2ℛ𝐵      (25) 

Finally, the secondary leakage inductance due to the inserted 

shunts, 𝐿lk𝑆(shunt), can be calculated by (26) [27, 28].  𝐿lkS(shunt) = 𝐿SS − 𝐿mS (26) 

In Fig. 4, from (20) and (26), the primary and secondary leakage 

inductances caused by shunts of different thickness are 

presented. As shown, the shunts do not have a noticeable 

influence on the secondary leakage inductance, but the primary 

leakage inductance can be increased by the shunts. This is 

because the mutual inductance from primary to secondary is 

reduced by the reluctance route through the inserted shunts. 

However, this route does not affect the flux produced by the 

secondary winding that links with the primary winding since 

core reluctances, ℛ𝐶1, ℛ𝐶2 and ℛ𝐶𝐶 are negligible compared to 

air gap reluctance of the shunt, ℛg2.  

As presented in Fig. 4, the secondary leakage inductance 

caused by the shunts can be neglected and, therefore, from (1), 

(5)-(7) and (20), the total leakage inductance of the proposed 

integrated transformer can be calculated as follows:- 

𝐿lk = 𝐿lkP(shunt) + 2𝜇0𝑤𝑐 𝑁P2𝑏𝑤 (𝑥P + 𝑥S) + 13 𝜇0 𝑤𝑐𝑏𝑤 𝑘P2𝑛P2 ∑ [ℎ∆𝑖 (2𝑛𝑖 − 3 + 1𝑛𝑖) + 2ℎ𝑖𝑛𝑖]𝑖=P,S  
(27) 

where 𝑁P is the primary turns number. Therefore, from (15) and 

(27), an integrated transformer for the required magnetising and 

leakage inductances can be designed. For the remainder of the 

paper, the magnetising inductance of the transformer, 𝐿𝑚, is 

defined equal to 𝐿𝑚𝑝. 

The calculated leakage and magnetising inductances of the 

proposed integrated transformer for different thicknesses of the 

shunt, 𝑡sh, air gap length, ℓg, and distance between shunts and 

cores, ℓs, are presented in Figs. 5(a) and (b), using a 

E32/6/20/R-3F4 core as reference to determine the main factors 

of influence in a design (details of the geometry provided in the 

figure caption). It is clear that the magnetising inductance is 

mainly influenced by air gap length, ℓg, between cores and 

cannot be changed appreciably by varying 𝑡sh and ℓs. However, 

the leakage inductance can be regulated by changing ℓs and 𝑡sh 

and is not affected by ℓg. Therefore, in the proposed integrated 

transformer, the leakage and magnetising inductances are 

sufficiently decoupled from each other and can be separately 

realised, leading the design process to higher flexibility.  

The modelling of the proposed integrated transformer is now 

fully investigated and it is shown that the transformer can be 

designed for most reasonable specifications in terms of leakage 

and magnetising inductances. These designs do not require low-

permeability materials or segmental shunts and with the 

advantage of not increasing the leakage inductance on the 

secondary side. Therefore, the proposed transformer is an 

attractive candidate for use in an LLC resonant converter to 

integrate its magnetic components into a single transformer. In 

the following, the operation of the proposed transformer when 

it is designed to be used in an exemplar LLC resonant converter 

is investigated and its modelling is verified by FEA simulation 

and experimental implementation.    

III. SIMULATION RESULTS  

An integrated transformer with minimum secondary leakage 

inductance is designed based on the equations provided in 

Section II and its specifications are presented in Table I.  The 

magnetising and leakage inductances and turns ratio of the 

designed transformer are chosen according to the specification 

of an exemplar isolated LLC resonant converter presented in 

Table III. The tranformer core (E32/6/20/R-3F4) is selected 

based on the design guidlines outlined by the catalogue of the 

core provided by its manufacturer [37], which presents 

guidlines for appropriate core selection based on the operating 

frequency and power. The thickness of the shunt and air-gap 

 
Fig. 4. Primary and secondary leakage inductances caused by the 
shunts. Core: E32/6/20/R-3F4, shunt material: Fair-Rite M6, ℓg=ℓs=0.3mm, 𝑤sh=0.8mm, 𝑁P=𝑁S=10.   
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lengths (ℓg and ℓs) are estimated in order to provide the 

required leakage and magnetising inductances, using (15) and 

(27), and considering the dimensions of the selected core. 

Moreover, the windings are designed considering the 

dimensions, skin effect, their root-mean-square (RMS) currents 

and the difficulty of manufacturing.  

To verify the theoretical analysis, the FEA simulation results 

of the designed tranformer are presented below. 

The magnetic field intensity and flux density vectors for the 

proposed topology, while it is used in an LLC converter with 

specification presented in Table III, are shown in Figs. 6(a) and 

(b), respectively. According to Fig. 6, the magnetic field 

intensity and flux density vectors are dominant in the shunts and 

their air gaps (ℓs) rather than windows area and PCB windings. 

The leakage inductance is therefore mainly caused by the 

inserted shunts.  In addition, since the magnetic field intensity 

is highest in the cores air gap (ℓg), the magnetising inductance 

is mainly affected by ℓg.  

From Fig. 6, it can be observed that the magnetic flux density 

for the shunts is around 0.2 T, which is below saturation. A 

 
(a) 

 
 

(b)                   
Fig. 5. The calculated leakage and magnetising inductances versus thickness of the shunt (𝑡sh), transformer air gaps (ℓg) and distance between 

shunts and cores (ℓs). (a) Leakage inductance. (b) Magnetising inductance. Core: E32/6/20/R-3F4, shunt material: Fair-Rite M6, 𝑡sh=1mm, ℓg=ℓs=0.2mm, 𝑤sh=0.8mm, 𝑁P=10, 𝑁S=2, 𝑛P=5, 𝑛S=2, 𝑘P=2, 𝑘S=1, 𝑥P=2.5mm, 𝑥S=1.5mm.   

TABLE I 
PROPOSED STRUCTURE’S SPECIFICATION 

Symbol Parameter value 𝑁P Primary turns  10 𝑁S Secondary turns 2 𝑘P Turns per layer in primary 2 𝑘S Turns per layer in secondary 1 𝑛P Number of primary layers 5 𝑛S Number of secondary layers 2 ℎP, ℎS Primary and secondary conduction thickness 35    m ℎ∆P, ℎ∆S Primary and secondary insulation thickness 30    m 𝑡sh Shunt thickness 1.3   mm 𝑤sh Shunt wideness 0.8   mm ℓg Transformer air gap 0.32 mm ℓs Distance between shunt and cores  0.20 mm 𝑥P, 𝑥S 

Distance between primary and secondary 

windings and centre of E-cores, respectively 

2.5   mm 

1.5   mm 

TABLE II 
PARAMETERS OF THE IMPLEMENTED INTEGRATED TRANSFORMER 

Parameter 
FEA 

modelling 
Simulation Measurement 

Magnetising induct-

ance, 𝐿m 
28.5 H 28.85 H 29.5 H 

Primary leakage 

inductance, 𝐿lkP 
8 H 8.2 H 8.3 H 

Secondary leakage 

inductance, 𝐿lkS 
0.03 H 0.04 H 0.03 H 
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design can avoid saturation for the shunts whether a low-

permeability material or high-permeability material is used for 

the shunts.  

The leakage and magnetising inductances versus thickness of 

the shunt (𝑡sh) and transformer air gap (ℓg) obtained from (15) 

and (27) and measured by FEA simulation are presented for the 

proposed topology in Fig. 7(a) and (b), respectively. According 

to Fig. 7, there is a good agreement between the theoretical and 

simulation results, verifying the provided modelling of the 

proposed structure.  

Primary and secondary leakage inductances caused by the 

shunts for the proposed integrated transformer are presented in 

Fig. 8. As shown, the secondary leakage inductance is not 

affected by the shunts’ characteristics and has a negligible 

value, verifying Fig. 4.   

Loss distribution of the proposed topology, while it is used in 

an LLC converter with specification presented in Table III, is 

presented in Fig. 9. For comparison, an integrated transformer 

with inserted-segmental shunt, presented in [27, 28], is also 

designed to the same specification and simulated, shown in Fig. 

9. As shown, the proposed transformer has lower conduction 

losses and therefore provides higher efficiency compared to the 

inserted-segmental-shunt (conventional) topology.  

IV. EXPERIMENTAL VERIFICATION 

To verify theoretical analysis and simulation results, an 

integrated transformer based on the proposed structure with 

specifications presented in Table I is built and its prototype is 

shown in Fig. 10(a). For comparison, an integrated transformer 

with inserted-segmental-shunt presented in [27, 28] is also built 

to the same specification, shown in Fig. 10(b). The shunts for 

this work was made by cutting ferrite sheets and gluing them in 

parallel.  

The measured leakage and magnetising inductances of the 

proposed topology at 200 kHz obtained using an Omicron Bode 

100 frequency analyser are shown in Table II. According to 

Table II, the leakage and magnetising inductances obtained by 

FEA simulation and modelling are close to the experimental 

results. The proposed topology does not increase the secondary 

leakage inductance despite the inserted magnetic shunt. The 

secondary leakage inductance, while low, is non-zero because 

there is leakage flux in the window area of the E-core. 

AC resistance, primary self-inductance and leakage 

inductance versus frequency for the proposed topology and 

integrated transformer with inserted-segmental-shunt 

(conventional) are presented in Fig. 11. As shown, the 

magnetising and leakage inductances of both implemented 

topologies are very similar. However, the integrated 

transformer with inserted-segmental-shunt suffers from higher 

AC resistance compared to the proposed topology and this is 

because of higher fringing fields due to the inserted-segmental-

shunt topology (as already pointed in [27, 28]). Therefore, the 

proposed topology benefits from lower conduction losses, 

which verifies Fig. 9. As shown in Fig. 2, in the proposed 

topology, the right and left air-gaps of the shunt (labelled ℓs) 

are further from the windings, reducing their coupling with the 

fringing field. However, in the segmental topology (presented 

(a) 

(b) 
Fig. 6. FEA simulation results. (a) Magnetic field intensity. (b) Magnetic flux density vectors. E32/6/20/R-3F4 and shunt material: Fair-Rite M6, and 
frequency=200 kHz. 

TABLE III 
THE IMPLEMENTED LLC CONVERTER’S SPECIFICATION 

Symbol Parameter value 𝑁P: 𝑁S Turns ratio  10:2 𝐿m Magnetising inductance 29 H 𝐿r Resonant (series) inductance 9 H 𝐶r Resonant capacitance 39 nF 𝑉in  Input voltage  45-55 V 𝑉out Output voltage 5 V 𝑃out Output power 25 W 𝑓s Switching frequency 200-350 kHz 𝑆 Switches  IRF530N 𝐷 Rectifier diodes 12CTQ045 
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in  [27, 28]), all of the air-gaps are between the lower and upper 

windings and therefore they have greater coupling with the 

fringing field, leading to higher AC losses.  

To verify the performance of the proposed integrated 

transformer, it was incorporated within an LLC converter 

designed according to the procedure outlined in [38], shown in 

Fig. 12. The specification of the designed LLC converter is 

presented in Table III in which the series and parallel 

inductances are integrated into the transformer. The waveforms 

of the LLC converter operating at 210 kHz and 280 kHz 

switching frequency using the proposed topology and the 

topology with inserted-segmental shunt are measured and 

presented in Figs. 13(a)-(d). It can be seen that the converter 

operates correctly and the MOSFETs are turned on at zero 

voltage switching (ZVS) because the switch gate turns on after 

its drain-source voltage drops to zero.  

The efficiency of the LLC converter versus different loads 

for the proposed integrated transformer and inserted-segmental-

shunt integrated (conventional) transformer is presented in Fig. 

14. According to Figs. 11 and 14, the proposed topology 

benefits from higher efficiency compared to the topology with 

inserted-segmental-shunt and the lower AC resistance of the 

proposed topology explains the reason of this discrepancy. It 

needs to be pointed that the rectifier diodes cause the dominant 

losses in the implemented converter and it is hard to show the 

efficiency difference between the proposed topology and 

inserted-segmental-shunt integrated transformer when they are 

operating in the circuit. Hence, the rectifier diodes are removed 

from the converter to measure the efficiency.  

The thermal images of the proposed integrated transformer 

and inserted-segmental-shunt integrated transformer while they 

are used in the implemented LLC resonant converter at nominal 

operating condition are shown in Fig. 15(a) and (b), 

respectively. As shown, the proposed topology operates at a 

lower temperature since it has lower losses, verifying Fig. 14. 

In addition, the temperature of windings is higher than the cores 

since conduction losses are the dominant losses in the inserted-

shunt integrated transformers, verifying the loss distribution 

presented in Fig. 9.  

 It should be noted that the application of the proposed 

integrated transformer can be also extended to other similar 

converters like phase-shifted full-bridge converters and is not 

only restricted to the LLC resonant converter.   

V. CONCLUSION 

 A new topology for the inserted-shunt integrated planar 

transformers was proposed which has low secondary leakage 

inductance. The proposed topology overcomes the main issue 

of inserted-shunt integrated transformers which is high leakage 

inductance in the secondary side. In addition, the proposed 

topology benefits from both advantages of high-permeability 

segmental shunt and low-permeability one-segment shunt 

topologies.  The proposed topology is analysed and modelled in 

detail. It is shown that the design of leakage and magnetising 

inductances are decoupled from each other completely. 

Therefore, they can be determined separately, leading the 

design process to higher flexibility. FEA simulation and 

experimental results are presented to verify the theoretical 

analysis. A recently published inserted-segmental-shunt 

integrated transformer was compared experimentally with the 

proposed transformer in terms of efficiency and AC resistance 

and the new design is found to provide higher efficiency. In 

addition, an LLC resonant converter was built to investigate the 

performance of the proposed topology in practice. Results show 

that the proposed topology can integrate all three magnetic 

   
(a) (b) 

Fig. 7. Modelling validation by simulation study. (a) Leakage inductance (𝑙g = 0.05𝑚𝑚). (b) Magnetising inductance (𝑡sh = 1𝑚𝑚). E32/6/20/R-3F4, 

shunt material: Fair-Rite M6, 𝑙s = 0.2𝑚𝑚, and frequency=200 kHz.  
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Fig. 8.  Primary and secondary leakage inductances caused by the 
shunts. E32/6/20/R-3F4, shunt material: Fair-Rite M6, and 
frequency=200 kHz. 
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Fig. 9.  Loss distribution of the proposed and conventional topologies 
for output power of 25W. E32/6/20/R-3F4, shunt material: Fair-Rite 
M6, and frequency=200 kHz. 
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components of the LLC converter into only a single planar 

transformer while the converter operates properly.   
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  (a)                                                     (b)                                                  (c)                                                      (d) 

Fig. 13. Experimental waveforms of the designed LLC converter utilising (a) the proposed integrated transformer (𝑓𝑠=210 kHz), (b) the inserted-
segmental-shunt integrated transformer (𝑓𝑠=210 kHz), (c) the proposed integrated transformer (𝑓𝑠=280 kHz), (d) the inserted-segmental-shunt 
integrated transformer (𝑓𝑠=280 kHz). 𝑉𝑑𝑠 is drain to source voltage, 𝑉𝑔𝑠 is gate to source voltage and 𝑖𝑟 is the resonant current (defined in Fig. 1).  
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Fig. 14. Efficiency of the converter for the proposed topology and 
inserted-segmental-shunt integrated transformers.  
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Fig. 15. Thermal images of the transformers. (a) Proposed topology. (b) 
Inserted-segmental-shunt topology.  
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