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Abstract—This article presents a nonlinear equivalent circuit 

model of an isolated dc-dc converter with a 3-phase medium 

frequency transformer. The model takes into account the magnetic 

cross saturation of the 3-phase core-type magnetic circuit. The 

model is suitable in detailed electromagnetic transient simulations 

of power systems involving isolated dc-dc converters. The model is 

developed using the Lagrange energy method. It involves a matrix 

of dynamic inductances containing a nonlinear term resulting 

from core magnetization and a linear term resulting from leakage 

flux. The model parameters are determined based on a series of 

magnetostatic finite element method simulations. This approach is 

convenient when applied to high power transformers offering a 

limited characterization effort, or if the transformer prototype 

does not exist. The experimental validation performed on a novel 

3-phase MFT prototype in a 100kW 1.2kV 20kHz dual active 

bridge converter has proved the validity of the model and model 

parameters. The no-load steady-state and inrush tests and the 

full-load test show a very good fit between the simulated and 

experimentally measured waveforms. The comparison with a 

classical simplified model neglecting magnetic cross saturation 

shows a significant difference in the no-load inrush test. 

 
Index Terms— DC-DC power converters, medium frequency 

transformer, modeling 

 

I. INTRODUCTION 

ransformer modelling has been extensively studied for  

electromagnetic transient simulations of power systems. 

However, in modern power systems: HVDC grids, smart grids, 

photovoltaic power plants, wind power plants, and electric 

vehicle charging, the transformer may be a component of  

isolated dc-dc power converters [1], [2], [3], [4], [5]. The dual 

active bridge (DAB) [6] is a promising topology for  

bidirectional power flow applications. In particular, the 3-phase 

topology variant is considered for high power applications 

offering several advantages compared to the single-phase 

topology [7], [8], [9], [10]. The general circuit diagram of the 

3-phase isolated dc-dc converter composed of two voltage 

source converters (VSC) and a medium frequency transformer 

(MFT) is shown in Fig. 1. The requirements of the transformer 
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for the 3-phase DAB are different from those for grid connected 

transformers, considering in particular the operating frequency 

that can be much higher than 50/60Hz. The modelling 

requirements differ accordingly. 
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Fig. 1.  3-phase isolated dc-dc converter circuit diagram composed of two 

voltage source converters (VSC) and a medium frequency transformer (MFT) 

 

The equivalent circuit models can be categorized into 

distributed and lumped parameter types. The distributed 

parameter models are used in the analysis of electromagnetic 

wave propagation based on the transmission line theory. These 

models are usually used in the analysis of electric devices at 

high frequency or in the analysis of large power systems. A 

distributed parameter model of a transformer taking into 

account the winding capacitances was proposed in [11] and has 

been further extended in the scientific literature, including [12]. 

In [13], a distributed parameter model of a buck converter was 

presented but without providing any clear advantage in power 

system analysis. 

The lumped parameter models simplify the spatially 

distributed physical system allowing to analyze geometrically 

complex structures based on discrete elements R, L and C, 

where the inductance and capacitance may involve self and 

mutual values. In the most advanced transformer models, a 

lumped element may correspond to a physical element, for 

example a winding turn or layer. Detailed lumped parameter 

transformer models were proposed in [14], [15], [16] and [17]. 

These models are suitable for high frequency analysis of 

internal transformer voltages and currents. 

The lumped parameter models can also be applied in 

magnetic core modelling based on magnetic reluctance. The 
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equations of the magnetomotive force (MMF) and the magnetic 

flux can be transformed to an equivalent electric circuit [18], 

[19]. The reluctance model can involve a magnetic hysteresis 

[20]. A hybrid model based on lumped electric and magnetic 

parameters suitable in electromagnetic transient simulation was 

proposed in [21] and [22]. 

In power system analyses, interest is usually focused on 

transformer’s terminal voltages and currents, while neglecting 

its internal voltages and currents. In [23], [24] and [25], 

methods were proposed to simplify the detailed models to make 

them more suitable in power system analyses. In case a detailed 

model is not available, some measurement techniques can be 

used to establish the model in time or frequency domain [26], 

[27], [28], [29], [30], [31]. 

Many dynamic models of transformer neglect magnetic 

nonlinearity. The nonlinear 3-phase transformer models are 

often built from three single-phase transformer models, which 

makes the analysis of transient states imprecise. The majority 

of nonlinear 3-phase transformer models neglect the effects of 

cross couplings between different limbs due to saturation, even 

if the magnetic cross saturation has been well studied in rotating 

electrical machines [32], [33]. In [34], a 3-phase 50Hz 

transformer model including magnetic cross saturation was 

proposed. The authors of [34] claim that their model is superior 

when compared to a classical nonlinear model based on three 

single-phase transformers and neglecting magnetic cross 

saturation, since it allows to analyze precisely the transformer 

inrush and fault conditions. In [34], the model parameters were 

calculated based on measurements performed on a low power 

transformer. 

This article proposes an equivalent circuit model of an 

isolated dc-dc converter with a 3-phase medium frequency 

transformer (MFT). According to the state of the art presented 

above, this model is of a lumped electric parameter type where 

the transformer model is limited to its terminal voltages and 

currents. The dc-dc converter model is developed according to 

the Lagrange energy method described in [35] and [36]. This 

method was applied for transformer modelling in [37]. In [38] 

and [39], it was used to model magnetic components of power 

converters allowing to derive a physically motivated model. 

The proposed nonlinear MFT model takes into account 

magnetic cross saturation. The model parameters are calculated 

based on magnetostatic finite element method (FEM) 

simulations. Compared to [34], this approach allows to reduce 

the transformer characterization effort and even to develop a 

precise model when the transformer prototype is not available. 

The model parameters are assumed to be constant in the 

function temperature. The model was validated against the 

100kW 1.2kV 20kHz DAB converter reported in [40]. The 

transformer design is detailed in [41] showing the novelty of the 

3-phase structure in medium frequency applications. 

The novel aspects of this work include: 

• Lagrangian model of 3-phase DAB for electromagnetic 

transient simulation. 

• 3-phase MFT model accounting magnetic cross saturation 

for precise steady-state and transient analyses. 

• Practical approach to the determination of 3-phase MFT 

model parameters based on magnetostatic FEM simulations. 

Derivation of the isolated dc-dc converter model is given in 

Section II, where the 3-phase MFT magnetic core model is 

defined with the multi-dimensional flux-MMF characteristic 

Φ(Θ) and the corresponding derivatives ∂Φ/∂Θ. Section III 

presents the approach to the determination of model parameters. 

A series of magnetostatic FEM simulations have been 

performed to calculate the required Φ(Θ) based on the known 

equivalent B(H). In Section IV, the 100kW isolated dc-dc 

converter test bench is presented, and the model simulation 

results are compared against the measurement and a classical 

simplified model. 

II. MODEL DERIVATION 

A. Transformer model 

Fig. 2 presents the model of the 3-phase core type MFT 

including the primary windings 1-3 and secondary windings 

4-6. Each winding is modelled with the lumped resistance R and 

the flux linkage Ψ(i). The winding capacitance is neglected 

since it has a minor effect on the operation of the converter. This 

will be presented later in this article in the no-load and full-load 

tests. The core power loss related to hysteresis and eddy current 

effects is modelled with an equivalent circuit composed of three 

additional coils 7-9. The system can be described with the 

equation: 

𝑑

𝑑𝑡
𝚿(i) + 𝐑𝐢 = 𝐮(𝑡) (1) 

where 

𝐮 = [𝑢1 𝑢2 ⋯ 𝑢9]T (2) 

𝐢 = [𝑖1 𝑖2 ⋯ 𝑖9]T (3) 

𝚿(i) = [𝛹1(i) 𝛹2(i) ⋯ 𝛹9(i)]
T (4) 

𝐑 = diag[𝑅1 𝑅2 ⋯ 𝑅9] (5) 

The flux linkage Ψ(i) is a nonlinear function of all 

transformer currents. The time derivative of the flux linkage 

vector Ψ(i(t)) defines the electromotive force in each winding 

and can be expressed as the matrix of dynamic inductances Ld: 

𝑑

𝑑𝑡
𝚿(i(𝑡)) =

[
 
 
 
 
𝜕𝛹1

𝜕𝑖1
…

𝜕𝛹1

𝜕𝑖9
⋮ ⋮

𝜕𝛹9

𝜕𝑖1
…

𝜕𝛹9

𝜕𝑖9 ]
 
 
 
 
𝑑

𝑑𝑡
[
𝑖1
⋮
𝑖9

] = 𝐋𝐝(𝐢)
𝑑

𝑑𝑡
𝐢 (6) 

According to [42] and [43], it can be assumed that the matrix 

of dynamic inductances Ld contains a nonlinear term resulting 

from core magnetization and a linear term resulting from flux 

leakage. The flux linkage can be represented as follows: 

𝛹𝑘(𝐢) = 𝑁𝑘𝛷𝑘(𝚯(𝐢)) + ∑𝐿𝜎𝑘,𝑛𝑖𝑛

9

𝑛=1

 (7) 

where k=1, 2, ..., 9 is the winding index, N is the number of 

turns, and 

𝚯 = [𝑖1𝑁1 𝑖2𝑁2 ⋯ 𝑖9𝑁9]
T (8) 
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A further assumption is made that there is a magnetizing flux 

Φm which is coupled with all windings: 

𝚽𝐦 = [

𝛷𝑚1(𝚯𝐦)

𝛷𝑚2(𝚯𝐦)

𝛷𝑚3(𝚯𝐦)
] (9) 

where Θm is the magnetizing MMF defined as: 

𝚯𝐦 = [
𝑖1𝑁1 + 𝑖4𝑁4 + 𝑖7𝑁7

𝑖2𝑁2 + 𝑖5𝑁5 + 𝑖8𝑁8

𝑖3𝑁3 + 𝑖6𝑁6 + 𝑖9𝑁9

] (10) 

Finally, the matrix of dynamic inductances Ld is: 

𝐋𝐝 =

[
 
 
 
 
 
 
 𝑁1

𝜕𝛷𝑚1

𝜕𝛩𝑚1

𝑁1 𝑁1

𝜕𝛷𝑚1

𝜕𝛩𝑚2

𝑁2 … 𝑁1

𝜕𝛷𝑚1

𝜕𝛩𝑚3

𝑁9

𝑁2

𝜕𝛷𝑚2

𝜕𝛩𝑚1

𝑁1 𝑁2

𝜕𝛷𝑚2

𝜕𝛩𝑚2

𝑁2 … 𝑁2

𝜕𝛷𝑚2

𝜕𝛩𝑚3

𝑁9

⋮ ⋮ ⋮

𝑁9

𝜕𝛷𝑚3

𝜕𝛩𝑚1

𝑁1 𝑁9

𝜕𝛷𝑚3

𝜕𝛩𝑚2

𝑁2 … 𝑁9

𝜕𝛷𝑚3

𝜕𝛩𝑚3

𝑁9]
 
 
 
 
 
 
 

+

[
 
 
 
𝐿𝜎1,1 𝐿𝜎1,2 … 𝐿𝜎1,9

𝐿𝜎2,1 𝐿𝜎2,2 … 𝐿𝜎2,9

⋮ ⋮ ⋮
𝐿𝜎9,1 𝐿𝜎9,2 … 𝐿𝜎9,9]

 
 
 

 

(11) 
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Fig. 2.  Model of a 3-phase MFT with primary winding 1-3, secondary winding 

4-6, and equivalent circuit 7-9 for core power loss 

B. Equivalent circuit model of isolated dc-dc converter 

The equivalent circuit model of an isolated dc-dc converter 

is presented in Fig. 3. In this model, each voltage source 

converter (VSC) is modelled with three controlled voltage 

sources with Udc1 or Udc2 input. The MFT is connected in Yy 

vector group. The equivalent circuit for core power loss is 

included in the model with the resistances R7, R8 and R9. In 

order to facilitate the further analysis, these resistances are star-

connected. Finally, the loop currents ig1, ig2, ..., ig6 are defined. 
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Fig. 3.  Equivalent circuit model of a 3-phase DAB converter including the Yy 

connected MFT with equivalent circuit for core power loss 

C. Lagrange energy method 

The transformer model is further developed according to the 

Lagrange energy method. The Lagrange function and the 

Rayleigh dissipation function [35], [36] in nongeneralized 

coordinates are defined as (considering the linear resistance): 

ℒ(𝐢) = ∑ ∫ 𝛹𝑘(𝐢)𝑑𝑖𝑘

𝑖𝑘

0

9

𝑘=1

 (12) 

𝑃𝑒(𝐢) =
1

2
∑ 𝑅𝑘𝑖𝑘

2

9

𝑘=1

 (13) 

The equation of constraints is defined according to Fig. 3 as: 

𝐢 =

[
 
 
 
 
 
 
 
 

1 0 0 0 0 0
−1 −1 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 −1 −1 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 −1 −1
0 0 0 0 0 1 ]

 
 
 
 
 
 
 
 

𝐢𝐠 (14) 

where 

𝐢𝐠 = [𝑖𝑔1 𝑖𝑔2 ⋯ 𝑖𝑔6]T (15) 

Equation (14) is inserted into (12) and (13) to obtain the 

Lagrange function and the Rayleigh dissipation function in  

generalized coordinates. 

The general form of the Euler-Lagrange equation system is: 

𝑑

𝑑𝑡

𝜕ℒ(𝐢𝐠)

𝜕𝑖𝑔𝑘

+
𝜕𝑃𝑒(𝐢𝐠)

𝜕𝑖𝑔𝑘

= 𝑄𝑘 (16) 

where k=1, 2, ..., 6, and Qk is the generalized force defined as: 

𝐐 = [𝑢𝐴 − 𝑢𝐵 𝑢𝐶 − 𝑢𝐵 𝑢𝑎 − 𝑢𝑏 𝑢𝑐 − 𝑢𝑏 0 0]T (17) 

The final matrix form of the Euler-Lagrange equation is: 
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𝐌𝐬(𝐢𝐠)
𝑑

𝑑𝑡
𝐢𝐠 + 𝐑𝐬𝐢𝐠 = 𝐐 (18) 

where: 

𝐑𝐬 = [

𝑅1 + 𝑅2 𝑅2 ⋯ 0
𝑅2 𝑅2 + 𝑅3 ⋯ 0

⋮ ⋮ ⋮
0 0 ⋯ 𝑅8 + 𝑅9

] (19) 

𝐌𝐬 =

[
 
 
 
 
 
 
 
𝜕𝛹1

𝜕𝑖𝑔1

−
𝜕𝛹2

𝜕𝑖𝑔1

𝜕𝛹1

𝜕𝑖𝑔2

−
𝜕𝛹2

𝜕𝑖𝑔2

⋯
𝜕𝛹1

𝜕𝑖𝑔6

−
𝜕𝛹2

𝜕𝑖𝑔6

𝜕𝛹3

𝜕𝑖𝑔1

−
𝜕𝛹2

𝜕𝑖𝑔1

𝜕𝛹3

𝜕𝑖𝑔2

−
𝜕𝛹2

𝜕𝑖𝑔2

⋯
𝜕𝛹3

𝜕𝑖𝑔6

−
𝜕𝛹2

𝜕𝑖𝑔6

⋮ ⋮ ⋮
𝜕𝛹9

𝜕𝑖𝑔1

−
𝜕𝛹8

𝜕𝑖𝑔1

𝜕𝛹9

𝜕𝑖𝑔2

−
𝜕𝛹8

𝜕𝑖𝑔2

⋯
𝜕𝛹9

𝜕𝑖𝑔6

−
𝜕𝛹8

𝜕𝑖𝑔6]
 
 
 
 
 
 
 

 (20) 

According to Section II-A, the matrix Ms can be split into 

nonlinear and linear terms, which gives: 

𝐌𝐬 =

[
 
 
 
 
 𝑁𝑝

𝜕𝛷𝑚1

𝜕𝛩𝑔1

𝑁𝑝 − 𝑁𝑝

𝜕𝛷𝑚2

𝜕𝛩𝑔1

𝑁𝑝 ⋯ 𝑁𝑝

𝜕𝛷𝑚1

𝜕𝛩𝑔2

𝑁𝑒 − 𝑁𝑝

𝜕𝛷𝑚2

𝜕𝛩𝑔2

𝑁𝑒

⋮ ⋮

𝑁𝑒

𝜕𝛷𝑚3

𝜕𝛩𝑔1

𝑁𝑝 − 𝑁𝑒

𝜕𝛷𝑚2

𝜕𝛩𝑔1

𝑁𝑝 ⋯ 𝑁𝑒

𝜕𝛷𝑚3

𝜕𝛩𝑔2

𝑁𝑒 − 𝑁𝑒

𝜕𝛷𝑚2

𝜕𝛩𝑔2

𝑁𝑒
]
 
 
 
 
 

+ [
𝐿𝜎1,1 − 𝐿𝜎2,1 ⋯ 0

⋮ ⋮
0 ⋯ 0

] 

(21) 

where Θg is the magnetizing MMF in generalized coordinates: 

𝚯𝐠 = [
𝑖𝑔1𝑁𝑝 + 𝑖𝑔3𝑁𝑠 + 𝑖𝑔5𝑁𝑒

𝑖𝑔2𝑁𝑝 + 𝑖𝑔4𝑁𝑠 + 𝑖𝑔6𝑁𝑒
] (22) 

and Np is the number of primary turns, Ns is the number of 

secondary turns, Ne is the number of turns in the equivalent core 

loss coil. The leakage inductances of the equivalent circuit for 

core power loss are assumed to be equal to zero. 

It is noted that for the Yy transformer, the magnetizing flux 

Φm is simplified to: 

𝚽𝐦 = [

𝛷𝑚1(𝚯𝐠)

𝛷𝑚2(𝚯𝐠)

𝛷𝑚3(𝚯𝐠)

] (23) 

being a function of 2 variables. Consequently, it can be easily 

analyzed and visualized. 

The model can be implemented in any computational 

software. The authors have implemented it in a Matlab script. 

III. MODEL PARAMETERS 

A. Approach 

The major difficulty in transformer modelling consists in 

parameter determination. In [34], a significant number of 

measurements were performed on the existing low power 

transformer. However, this approach can be challenging when 

applied to high power transformers. That is why an alternative 

approach is proposed in this article. It is based on the known 

equivalent B(H) and a simplified FEM simulation model using 

homogenized winding and core materials. The equivalent B(H) 

can be measured using the approach proposed in [44]. In case 

the modelled transformer does not exist, the B(H) scaling 

function proposed in [45] for ferrite core MFT can be used. 

B. Finite element model 

A simplified 3D MFT model was developed in Ansys 

Maxwell. The model was divided into three computational 

domains. The domain Ω1 is the volume of the windings, the 

domain Ω2 is the volume of the core, and the domain Ω3 consists 

of the air surrounding the MFT. The material properties have 

been considered isotropic and homogenized, so the Maxwell’s 

equations can be simplified to: 

∇ × 𝑯 = {
𝒋     in Ω1

𝜎𝑬 in Ω2

0    in Ω3

 (24) 

∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
;    ∇ • 𝑩 = 0;     𝑩 = ∇ × 𝑨 (25) 

where σ = 0.25S/m at 25˚C. The equivalent anhysteretic B(H), 

measured by the authors in [45], is presented in Fig. 4. The 

ferrite 3C90 B(H) from datasheet [46] is also presented for 

comparison. Significant difference between the two curves is 

due to multiple parasitic air gaps which are the result of core 

assembly from I-type cores. Moreover, due to manufacturing 

tolerances, the I-core is not an ideal rectangular cuboid and its 

dimensions vary from one sample to another. This causes the 

non-uniform parasitic air gaps in the core which are 

unpredictable at the industrial design stage and which cannot be 

modelled precisely. In [45], it is presented that the relative 

average air gap length is nonlinearly increasing with the number 

of air gaps due to the cumulating I-core misalignments. In the 

3-phase MFT, the average air gap length is approximately 

0.7mm, out of the 1m magnetic circuit length. 

The ferrite B(H) is also a function of temperature what can 

be observed in the 3C90 datasheet [46]. In particular, the 

maximum flux density, magnetic permeability and power loss 

are lower at 100˚C than at 25˚C. However, the influence of 

temperature is not analyzed in this article. The authors consider 

that the equivalent anhysteretic B(H) is mainly influenced by 

the parasitic air gaps. The temperature has a major influence on 

the core power loss but the power loss is not the focus of this 

article. 

 
Fig. 4.  Equivalent anhysteretic B(H) from ferrite 3C90 datasheet at 25°C (blue) 

and MFT measurement at 25°C (red) 

C. Magnetostatic simulation 

To calculate the Φ(Θ) multi-dimensional characteristic 

required for the circuit model, a series of magnetostatic 

simulations are to be performed with different MMFs. 

Considering the Yy vector group, the set of simulations can be 

reduced since the sum of primary or secondary MMFs is equal 
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to zero. Practically, the authors define the primary and 

secondary excitations as: 

𝚯𝐩 = [𝛩1 𝛩2 𝛩3] (26) 

𝚯𝐬 = [𝛩4 𝛩5 𝛩6] (27) 

where Θ1, Θ3, Θ4 and Θ6 have discrete values in the range 

[-20e3, 20e3] A, and 

𝛩2 = −𝛩1−𝛩3  (28) 

𝛩5 = −𝛩4−𝛩6 (29) 

The magnetizing flux of side columns Φm1 and Φm3 was 

measured in the yoke in order to minimize the leakage flux 

contribution. The magnetizing flux of the central column was 

calculated with: 

𝛷𝑚2 = −𝛷𝑚1 − 𝛷𝑚3  (30) 

The series of magnetostatic simulations requires 

approximately one working day using a coarse mesh and a 

standard workstation. 

D. Magnetizing flux 

Fig. 5 presents the result of the series of magnetostatic 

simulations for column 1 and the corresponding surface 

interpolation. The effect of magnetic cross saturation can be 

observed as the shape of the curve Φm1(Θg1) (equivalent to 

B(H)) is depending on the value of Θg2. The maximum value of 

the magnetizing flux is 0.55mWb, which corresponds to the 

magnetic flux density of 0.44T. 

Thanks to the magnetizing flux Φm surface interpolation, the 

partial derivatives ∂Φm/∂Θg can be easily calculated. The 

partial derivatives for column 1 are presented in Fig. 6 and Fig. 

7. The values of ∂Φm1/∂Θg1 are always positive, with the 

maximum value of 4.6µWb/A corresponding to the 

self-magnetizing inductance for generalized loop currents of 

1.8mH. The maximum value of ∂Φm1/∂Θg2 is 1.5µWb/A and it 

corresponds to the mutual magnetizing inductance for 

generalized loop currents of 0.6mH. The partial derivative 

functions are directly used in the model to calculate the values 

of the dynamic inductance matrix. 

  
Fig. 5.  Magnetizing flux Φm1 as function of magnetizing MMF in generalized 

coordinates Θg1 and Θg2 

 
Fig. 6.  Magnetizing flux partial derivative ∂Φm1/∂Θg1 as function of 

magnetizing MMF in generalized coordinates Θg1 and Θg2 

 
Fig. 7.  Magnetic flux partial derivative ∂Φm1/∂Θg2 as function of magnetizing 

MMF in generalized coordinates Θg1 and Θg2 

E. Leakage inductance and resistance 

The leakage inductance matrix is calculated according to (7), 

where the flux linkage comes directly from the magnetostatic 

simulation. The number of primary Np and secondary Ns turns 

is equal to 20. The equivalent leakage inductance values for 

generalized loop currents are presented in Table I. It can be 

observed that the mutual leakage inductances ([42], [43]) have 

significant values, as a result of magnetic flux coupling through 

the air. 
TABLE I 

EQUIVALENT LEAKAGE INDUCTANCE MATRIX FOR GENERALIZED LOOP 

CURRENTS (µH) 

Lσk,n n=1 n=2 n=3 n=4 

k=1 56.1 -2.9 48.2 -2.4 

k=2 -9.4 -9.4 2.0 2.0 

k=3 -2.9 56.1 -2.5 48.2 

k=4 48.2 -2.5 56.1 -2.1 

k=5 -11.4 -11.4 -15.5 -15.5 

k=6 -2.4 48.2 -2.1 56.1 

 

The MFT winding resistance is difficult to calculate due to 

skin and proximity effects. The analytical formula for round litz 

wire was proposed in [47] based on [48]. The authors presented 

the winding resistance calculation in [41] and a good fit was 

observed between the calculation and a measurement with an 

impedance analyzer. In addition, the connection wire resistance 
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between the VSC and the transformer terminals, and the VSC 

power semiconductor switch on-state resistance and switching 

loss have to be taken into account. According to [49], the 

MOSFET on-state resistance varies from 8mΩ at 25°C and 

16mΩ at 150°C. The model resistance values are calculated as 

a sum of the above mentioned components and presented in 

Table II. The resistance of the equivalent circuit for core power 

loss takes into account the hysteresis and eddy current power 

loss. The analytical formula for core power loss with 

non-sinusoidal excitations was proposed in [50] based on [51]. 

The resistance value of the equivalent circuit for core power 

loss is calculated at the nominal voltage and presented in Table 

II. The number of turns Ne for this equivalent circuit was chosen 

to be equal to 1. 
TABLE II 

RESISTANCES OF THE DAB EQUIVALENT CIRCUIT MODEL AT 20KHZ (Ω) 

primary resistance R1, R2, R3 0.020 

secondary resistance R4, R5, R6 0.024 

equivalent core loss resistance R7, R8, R9 5 

 

The winding parasitic capacitances are not taken into account 

in the model because they have very low values, in the range of 

tens of pF. 

IV. EXPERIMENTAL VERIFICATION 

A. Converter test bench 

The 100kW dc-dc power converter test bench is shown in 

Fig. 8 with VSC1, VSC2, and the 3-phase MFT prototype. 

Three test types were considered to validate the proposed 

model: the MFT no-load steady-state test, the MFT no-load 

inrush test, and the DAB full-load test. All tests were performed 

at the ambient temperature of 25°C. The measured MFT 

temperature was nearly equal to the ambient temperature, as the 

tests lasted for few minutes only. The VSC operates in the 

rectangular modulation where each leg is switched at 20kHz 

with 50% duty cycle and the only controlled variable is the 

phase shift between two VSCs. The duty cycle may be adjusted 

in a very small range to control the transformer DC bias. 

In the MFT no-load tests, the VSC1 was supplied from a DC 

power supply, and the AC terminals of the VSC2 were 

disconnected. The VSC1 was launched normally with 1200Vdc 

input voltage. In the inrush test the MFT current was captured 

just after the VSC1 launch, while in the steady-state test it was 

captured after few seconds. 

In the DAB full-load test, the power circuit was arranged in 

back-to-back configuration, in order to test the dc-dc converter 

with minimum power consumption. The converter output was 

connected to its input and the whole was supplied from the DC 

power supply which set the voltage reference and supplied the 

test circuit power loss. The dc-dc converter operated in the 

power regulation mode at 100kW and the steady-state 

waveforms were recorded. 

 
Fig. 8.  100kW 3-phase isolated dc-dc converter test bench 

B. MFT no-load test - steady state 

In Fig. 9 and Fig. 10, the simulation result is compared 

against the MFT no-load steady-state test measurement. The 

voltage waveforms show good synchronization between the 

simulation and the measurement. The measured magnetizing 

current is compared against two simulation models: a classical 

simplified model neglecting magnetic cross saturation, and the 

complete model including the cross saturation. In reference to 

the cross saturation model characterized by (23), the simplified 

model is characterized by: 

𝚽𝐦 = [

𝛷𝑚1(𝛩𝑔1)

−𝛷𝑚1(𝛩𝑔1) − 𝛷𝑚3(𝛩𝑔2)

𝛷𝑚3(𝛩𝑔2)

] (31) 

The cross saturation model shows quite a good fit to the 

measurement. Small differences are due to the dissymmetry 

between the three columns. The classical simplified model fits 

a bit less, but it also gives acceptable results. It can be seen that 

neglecting winding capacitances was a fair assumption. There 

are some current oscillations in the measured current but they 

are low. 

  
Fig. 9.  MFT no-load steady-state test - comparison of transformer phase 

voltage waveforms: simulation model (dashed line) and measurement (solid 

line) 
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Fig. 10.  MFT no-load steady-state test - comparison of magnetizing current 

waveforms: simplified model (dash-dotted line), cross saturation model (dashed 

line) and measurement (solid line) 

C. MFT no-load test - inrush 

In Fig. 11, the classical simplified model simulation result is 

compared against the MFT no-load inrush test measurement. 

Very significant differences are observed. 

In Fig. 12, the proposed cross saturation model simulation 

result is compared against the measurement, and a very good fit 

is observed in the magnetizing current. This proves the 

accuracy of the proposed model and method for model 

parameter calculation. In particular, this test confirms the 

validity of the multi-dimensional characteristic of magnetizing 

flux Φ(Θ) (Fig. 5). 

In Fig. 13, the magnetizing current is displayed on the surface 

plot of the magnetizing flux Φm3 as the function of the 

magnetizing MMF. This allows to observe the effect of 

magnetic cross saturation. Indeed, the saturation of winding 3 

is influenced by the value of the current in winding 1 (and 

winding 2, due to the Yy connection). 

 
Fig. 11.  MFT no-load inrush test - comparison of magnetizing current 

waveforms: simplified model (dash-dotted line) and measurement (solid line)  

  
Fig. 12.  MFT no-load inrush test - comparison of magnetizing current 

waveforms: cross saturation model (dashed line) and measurement (solid line)  

 
Fig. 13.  MFT no-load inrush test - visualization of the magnetizing current 

from Fig. 12 on the surface of magnetizing flux Φm3 as function of the 

magnetizing MMF in generalized coordinates Θg1 and Θg2 

D. DAB full load test 

Fig. 14 compares the cross saturation model simulation result 

against the DAB full-load test steady-state measurement. A 

good fit is observed in the phase shift between the primary and 

secondary voltage, and as the consequence in the current 

waveform. A very small difference is probably due to the fact 

that the inductance of connection wires is neglected in the 

model. The connection wire is approximately 3 meters so it 

adds a few microhenries to the 16µH leakage inductance. The 

simplified model gives a very similar result. This test proves in 

particular the validity of the leakage inductance matrix (Table 

I). 
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Fig. 14.  DAB full-load test - comparison of voltage (a) and current (b) 

waveforms: simplified model (green), cross saturation model (blue) and 

measurement (red) 

V. CONCLUSIONS 

The equivalent circuit model of the 3-phase dual active 

bridge converter is presented. The model has been developed 

using the Lagrange energy method. The nonlinear transformer 

model takes into account the magnetic cross saturation of the 

3-phase core-type magnetic circuit without developing a 

reluctance model. It involves a matrix of dynamic inductances 

containing a nonlinear term resulting from core magnetization 

and a linear term resulting from leakage flux. The model 

parameters were determined based on a series of magnetostatic 

FEM simulations. This approach is convenient when applied to 

high power transformers, or when the transformer prototype 

does not exist. 

The experimental validation performed on a novel 3-phase 

MFT prototype in a 100kW 1.2kV 20kHz DAB converter has 

proved the validity of the model and model parameters. The 

no-load steady-state and inrush tests, and the full-load test show 

a very good fit between the waveforms obtained from 

simulation and measurement. The comparison with a classical 

simplified model neglecting magnetic cross saturation reveals a 

very significant difference in the inrush test. 

The proposed model can be used in electromagnetic transient 

simulations of modern power systems, where the 3-phase 

transformer is part of an isolated dc-dc converter. The 

simulation time of few fundamental periods on a standard PC 

varies from few seconds to 1 hour depending on the solver 

precision, degree of nonlinearity and VSC voltage waveform 

shape (sinusoidal or square). 

The model should be further developed taking into account 

the temperature effect on winding and core. The transformer 

model can be improved taking into account an advanced model 

of magnetic hysteresis. This would allow a precise calculation 

of core power loss. The VSC model can be improved taking into 

account the SiC MOSFET behavior. The model can also be 

easily extended with parasitic winding capacitance, in cases 

when the capacitance has a significant value. 
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