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Abstract- Resonant converters are popular in power 

electronics due to their soft-switching capabilities, which 

enhance efficiency and prolong component lifetime. Three-

phase resonant converters are particularly noteworthy for 

their higher power density and reduced ripple, making them 

ideal for demanding applications. A critical aspect of 

optimizing three-phase LLC resonant converters is the 

design of a transformer with adequate leakage inductance 

required for the resonance circuit. This paper compares two 

distinct transformer designs for such converters: a five-limb 

shell-type transformer and a symmetrical triangular 

transformer. Both designs are evaluated in terms of their 

performance, efficiency, and suitability for integration into 

the converter architecture. A detailed design procedure using 

Finite Element Method (FEM) analysis is presented to guide 

the development of these transformers. The practicality of 

this approach and its effectiveness are demonstrated through 

the implementation of a 3.4 kV to 60 V, 50 kVA prototype. 

This work provides a comparative analysis of transformer 

designs and introduces a validated methodology for 

improving the performance of three-phase LLC resonant 

converters through optimized transformer design.1 

 
Index Terms- FEM, LLC Resonant Converter, Three-

Phase Transformer.  

I.  INTRODUCTION 

Green hydrogen is defined as hydrogen produced by 

splitting water into hydrogen and oxygen using renewable 

energy sources. Green hydrogen is increasingly 

recognized for its potential to revolutionize the energy 

landscape. However, green hydrogen production presents 

unique challenges, including the need for highly efficient 

and reliable energy conversion processes. In this context, 

the role of solid-state transformers becomes crucial. 

Because of their high efficiency and robust performance, 

SSTs can play an important role in refining the energy 

conversion processes essential for producing green 

hydrogen. SSTs offer superior control and flexibility 

compared to traditional transformers, enabling more 

efficient handling of the variable power inputs typical in 

renewable energy systems. SST enables more effective use 

of renewable energy sources by improving energy 

management in green hydrogen systems. Their integration 

into the infrastructure of green hydrogen production is a 

crucial indicator of progress in our journey towards a more 

sustainable and sustainable future. 

 
This project has received funding from the RVO MOOI (Missiegedreven 

Onderzoek Ontwikkeling en Innovation) under grant agreement MOOI 

52103. 

Solid-state transformers (SSTs) and their use for 

modern renewable energy applications have been a topic 

of research over the past few decades [1-3]. There are 

different topologies for the SST’s DC/DC converter, such 

as modular multi-level converters (MMC), dual active 

bridge (DAB), and resonant converters. Resonant 

converters offer significant advantages and are widely 

used in various applications nowadays [4]. The ability to 

eliminate switching losses, facilitated by the soft-

switching feature, results in higher efficiency and power 

density [5]. LLC resonant converter is a well-known 

topology that can utilize the leakage inductance of the 

transformer as the required series inductance of the 

resonant tank if the transformer is precisely designed [4, 6-

9]. Three-phase resonant converters have been the subject 

of several studies due to their soft-switching capability and 

higher power density, typical of a three-phase converter 

[10-12]. Nevertheless, designing and fabricating a three-

phase transformer with integrated magnetic components 

for the resonant tank poses several challenges.  

Fig. 1 shows the topology of the current study, which is 

an Input-Series, Output-Parallel, Three-Phase LLC (ISOP-

3ph-LLC). The primary objective of this paper is to design 

and build a symmetrical three-phase transformer and 

compare it with an alternative solution, a five-limb shell-

type transformer. While this type of transformer has been 

studied in several references [13, 14], employing this 

structure as a medium-frequency transformer (MFT) for a 

3ph-ISOP-LLC is a novel application that is investigated 

in this paper. The comparative analysis aims to 

demonstrate that the proposed symmetrical three-phase 

transformer provides nearly equal leakage and 

magnetizing inductances for the LLC resonant tanks. 

Additionally, the proposed transformer is highlighted as 

lighter, smaller and more cost-effective than the 

conventional transformers.  

Accordingly, the present paper is organized as follows. 

Section II introduces the input-series output-parallel three-

phase LLC (ISOP-3ph-LLC). Section III gives 

information about the proposed symmetrical three-phase 

transformer. Section IV provides the simulation results, 

and section V includes the experimental results and 

comparison. Finally, section VI concludes the paper.  
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II.  INPUT-SERIES OUTPUT-PARALLEL THREE-PHASE LLC 

The ISOP converter can handle a relevantly high 

voltage on the primary side due to the series connection of 

the primaries, as well as a high current on the secondary 

side owing to the parallel outputs [15-17]. Therefore, this 

topology is ideal for step-down applications, such as 

supplying power to a high-current load like a hydrogen 

electrolyzer from a high- or medium-voltage grid. The 

converter of the present study is a down-scaled prototype 

intended for an MVA-scaled 33 kV SST system under 

development for green hydrogen production. The optimum 

frequency for the actual SST is 1 kHz; therefore, the 

frequency of the converter in the present paper is selected 

as 1 kHz. The DC bus voltage is 3.4 kV, and the converter 

has four three-phase transformers,  each rated at 12.5 

kVA. The converter is designed to withstand a 10 kV AC 

voltage test. The characteristics of the prototype converter 

are summarized in TABLE I. To ensure balanced operation 

and prevent circulating current, the LLC modules shown 

in Fig. 1 must be constructed as similarly as possible. 

Therefore, the leakage inductances of the windings for 

each phase must be as equal as possible (Fig. 2).  

voltage unbalance can significantly impact transformer 

performance, leading to a series of detrimental effects such 

as increased losses, overheating, and degradation of 

insulation life, thus compromising system efficiency and 

reliability. Specifically, in the context of three-phase LLC 

resonant converters, where primary side inverters are 

series-connected, ensuring uniform leakage inductance 

across each phase becomes paramount. This uniformity is 

crucial because discrepancies in leakage inductance can 

lead to unequal voltage distribution across the 

transformers' phases, exacerbating the aforementioned 

issues by inducing additional currents that can distort the 

system's output and stress electronic components. 

Therefore, meticulous design considerations must be 

employed to guarantee that the transformer's leakage 

inductances are as similar as possible, thereby ensuring 

balanced voltage conditions. This approach not only 

enhances the overall system performance but also prolongs 

the operational lifespan of the transformer and connected 

devices, reinforcing the necessity for precision in the 

design and manufacturing stages of three-phase LLC 

resonant converters. 

The switching frequency of the LLC resonant converter 

is designed as follows [4] 

 1

2
s

s s

f
L C

=  (1) 

where Ls and Cs are the series inductance and capacitance 

of the resonant tank, respectively. Since the frequency of 

the resonant converter is fixed for all submodules, it is 

essential to have series inductances that are as equal as 

possible in the resonant tank. In order to decrease the 

number of elements, the leakage inductance of the MFT is 

used as the Ls.  

III.  SYMMETRICAL THREE-PHASE TRANSFORMER 

A three-phase transformer can be constructed using 

three single-phase transformers connected in either star or 

delta configuration. However, this arrangement is not 

advantageous because an integrated three-phase 

transformer offers higher power density than three single-

phase transformers connected individually [18]. The three-

phase core-type, shell-type, and proposed symmetrical 

transformer are shown in Fig. 3.  

An ISOP-3ph-LLC made of core-type configuration is 

unsuitable because the inner winding in the central leg 

exhibits different characteristics than the other windings, 

resulting in an imbalance. The transformer is designed as 

follows. The number of turns should be selected as low as 

possible to minimize the load loss [18]. Although the 

primary voltage is 3.4 kV, each winding experiences 283 

V due to the series connection of the inputs. However, the 

 
Fig. 1. Schematic of the ISOP 3ph LLC SST. 

 TABLE I 

CHARACTERISTICS OF THE PROTOTYPE CONVERTER 

Parameter Symbol Unit Value 

Input voltage Vin kV 3.4 

Output voltage Vout V 60 

Rating power S kVA 50 

Rating power of 
each transformer 

Ptr kVA 12.5 

Frequency f kHz 1 

 

 
Fig. 2. Unbalanced situation in the three-phase LLC converter. 
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peak value of the input voltage reaches up to 318 V 

because of the presence of resonant tank elements. The 

required core cross-section area is calculated as follows:  

 

 
2

peak

c

p m

E t
A

N B


=

 
 (2) 

 

where Epeak is the peak value of the primary voltage, t is 

the duty cycle, Np is the number of turns on the primary 

side, and Bm is the maximum flux density. The core 

material is ferrite BFM8; thus, Bm = 190 mT. The transfer 

ratio is 8.5, resulting in Np = 85 and Ns = 10. According to 

(2), the core cross-sectional area Ac can be calculated as 

3200 mm2. In the proposed symmetrical three-phase 

transformer, the core consists of 6 commercially available 

U240/160/40 ferrite cores connected in a triangular 

configuration. The proposed transformer ensures a leakage 

inductance similar to sell-type transformers but with lesser 

weight, as it utilizes six U-cores instead of eight. The 

primary and secondary are on top of each other to maintain 

a certain amount of leakage inductance for the resonant 

converter. In this way, no additional series inductance is 

needed, which benefits the converter’s power density.  

The conductors of the proposed transformer are selected 

based on the currents and the frequency. The skin depth 

can be calculated as follows:  

 

 2



=  (3) 

 

where ρ, ω, and μ are resistivity, angular frequency, and 

permeability, respectively. Since the conductor is made of 

copper and the frequency of the converter is 1 kHz, the 

skin depth is calculated as 2.06 mm. Therefore, a 5×1 mm 

rectangular enamelled conductor is selected to build both 

primary and secondary. The rectangular conductors are 

also better to make a disk winding. The primary has 85 

turns, and the secondary has 10 turns. However, because 

of the higher current on the secondary side, the secondary 

is made of 7 parallel paths. Both primary and secondary 

are disk windings. Primary has 13 disks. Disks number 1, 

3, 7, 11, and 13 have 11 turns (disk type 1), disks number 

5 and 9 have 12 turns (disk type 2), and disks number 2, 4, 

6, 8, 10, and 12 have one turn (disk type 3) to maintain the 

required distance between disks. The mean length of turns 

for these disks is as follows: 

 

 
_ ( )p i in iMLT D W=  +  (4) 

 

 ( )s in sMLT D W=  +  (5) 

 

where Din is the inner diameter of the bobbin (=130 mm), 

and Wi is the widths of disk types 1 to 3, respectively. Ws 

is the width of the secondary disk. Consequently, the 

primary and secondary lengths can be calculated as lp = 

37.8 m/phase and ls = 4.4 m/phase, respectively.  The AC 

resistance per unit length of each winding is obtained from 

a 2D COMSOL simulation. Accordingly, Rac can be 

calculated as: 

 

 
_ _ _ _  ,  ac p ac p p ac s ac s sR r l R r l=  =   (6) 

 

where rac_p and rac_s are the ac resistance per unit length of 

the primary and secondary, respectively; consequently, the 

copper loss can be calculated as follows:  

 

 2 2

_ _3 3cu ac p p ac s sP R I R I=   +    (7) 

 

where Ip and Is are the primary and secondary currents, 

respectively. It is noteworthy that the secondary has 7 

disks, which are connected in parallel. There is more 

distance between secondary disks to provide sufficient 

space for connections to the high-current busbar.  

IV.  SIMULATION 

To prove the mathematical calculations, a Finite 

Element Method (FEM) simulation is performed using 

ANSYS Maxwell 3D, as shown in Fig. 4. The leakage 

inductance is calculated as follows:  

 

 
11 12 13

21 22 23

31 32 33

L L L

L L L L

L L L

 
 

=  
 
 

 (8) 

 

 
_

nm mn

lk n nn

mm

L L
L L

L


= −  (9) 

where Lnn, Lnm, Lmn, and Lmm are the elements of the 

inductance matrix from ANSYS Maxwell. The simulation 

results are summarized in TABLE II and compared with the 

experimental results.  

V.  EXPERIMENTAL RESULTS AND COMPARISON 

This section compares a symmetrical three-phase 

transformer and a conventional five-limb shell-type 

 
Fig. 3. a) Core-type, b)shell-type, and c) proposed symmetrical 

transformers. 
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transformer, specifically designed for a 50 kVA, 3.4 kV to 

60 V DC/DC converter. 

A.  Setup description  

The experimental setup was designed to compare these 

two transformer architectures. Both transformers were 

constructed using PLA-based 3D printed bobbins, a 

method that ensures precision and consistency in the 

winding process. This construction technique, depicted in 

Fig. 5, employed rectangular enamelled copper conductors 

measuring 1×5 mm, chosen for their efficiency and 

reliability. The detailed structure of the transformer is 

illustrated in Fig. 6. 

The constructed transformers, the five-limb and the 

symmetrical types are showcased in Fig. 7, highlighting 

the physical differences and design approaches. It is 

noteworthy that these transformers are not optimized since  

the idea of this study is to show the difference between 

two configurations using the same cores and windings. 

Each transformer was subjected to a series of tests to assess 

its performance characteristics. Key measurements were 

conducted using a Bode 100 network analyzer.  

B.  Measurement   

The measuring setup is shown in Fig. 8. Measurements 

are performed using the procedure described in [19]. The 

model which is used for each phase is shown in Fig. 9. The 

magnetizing inductance is calculated as follows:  

 

 ( )
22

1 1 1MAG

G a
L R L




= +  (10) 

 
1 1 1l MAGL L L= −  (11) 

 
Fig. 4. a) The mesh performance of FEM simulation, b) H-vectors 

inside the core caused by excitation of one phase. 

 

 

 
Fig. 5. The winding manufacturing process: a) 3D printing of the 

bobbin, b) the prepared bobbin, c) winding process, d) disk 

winding structure, e) details of one disk, f) the primary disk, and g) 

the secondary winding 

 

 
Fig. 6. Transformer structure. 

 

 
Fig. 8. Measuring setup. 

 
Fig. 7. a) The conventional five-limb transformer and b) the 

proposed symmetrical transformer 

 

3249Authorized licensed use limited to: TU Delft Library. Downloaded on July 29,2024 at 14:52:17 UTC from IEEE Xplore.  Restrictions apply. 



 

 

2

2 1

s

MAG MAG

p

N
L L

N

 
=  

 
 

 (12) 

 
2 2 2l MAGL L L= −  (13) 

 

where G is the gain and a is the transfer ratio. The 

measured charts are shown in Fig. 10.  

The results of these measurements are summarized in 

TABLE II referred to the primary side. Through this 

experimental analysis, the study aims to provide the 

feasibility and performance of the symmetrical three-phase 

transformer compared to the traditional five-limb shell-

type transformer, thereby informing future design and 

application choices in the realm of medium-voltage, 

medium-frequency solid-state transformers.  

VI.  CONCLUSIONS 

This paper presented an analysis and comparison of an 

innovative transformer design for use in medium-voltage, 

medium-frequency, Input-Series Output-Parallel Three-

Phase LLC Solid-State Transformers. The primary focus 

was evaluating a symmetrical three-phase transformer 

against a conventional five-limb shell-type transformer. 

Through Finite Element Method (FEM) analysis and 

experimental validation with a 3.4 kV to 60 V, 50 kVA 

prototype, the study demonstrated the superior 

performance of the symmetrical transformer design in 

terms of power density and integration into solid-state 

transformer systems.  

Key findings include the symmetrical transformer's 

ability to provide nearly equal leakage and magnetizing 

inductances for the LLC resonant tanks, which is crucial 

for balanced operation of the LLC resonant converter. 

Furthermore, the proposed transformer design was lighter, 

smaller, and more cost-effective than the five-limb shell-

type transformer. The proposed symmetrical transformer 

saves 17.8% of size compared to the five-limb 

 
Fig. 9. The equivalent circuit of each phase of the transformer used 

for the modelling (parasitic capacitances are neglected). 

 

TABLE II 

SUMMARY OF THE RESULTS 

Parameter 

Magnetizing Inductance 

(mH) 

Leakage Inductance

 (mH) 
Weight 

(kg) 
Lm1 Lm2 Lm3 LLK1 LLK2 LLk3 

Prop. 
FEM 47.14 2.863 

33.96 
Meas. 48.67 49.22 47.21 2.669 2.754 2.668 

5 Limb 
FEM 51.75 55.32 51.75 2.783 2.805 2.783 

41.33 
Meas. 51.19 52.84 50.46 2.596 2.715 2.615 

 

 
Fig. 10. The measurement results for phase 1 of the symmetrical transformer: a) parasitic resistance series in the primary side (R1), b) inductance of 

the primary side (L1), c) parasitic resistance series in the secondary side (R2), d) inductance of the secondary side (L2), and e) the gain (G).  
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conventional shell-type configuration.  
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