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Abstract 
The article describes a feedback Preisach hysteresis model equivalent circuit implementation of a 
medium frequency single-phase transformer being a part of a high power and high efficiency DC-DC 
converter. The macroscopic models of magnetic hysteresis are introduced and the feedback Preisach 
model is selected for further analysis. The hysteresis model is developed for a prototype transformer 
and the hysteresis loops are compared against a measurement. The equivalent circuit implementation of 
the hysteresis model is proposed and analysed. The equivalent circuit model is validated in no load 
operation and compared with a measurement. 

Introduction 
The transmission of electric energy over the long distances is now reserved to High Voltage Direct 
Current HVDC [1]. Thanks to the technological improvements in the wide bandgap semiconductors as 
the Silicon Carbide SiC [2] a large number of power applications may move to DC soon. Numerous 
research projects and some industrial projects target DC-DC power converters as a key component. The 
DC-DC converters are often proposed for environment friendly applications like: photovoltaic [3], 
electric vehicles [4], wind power [5], railway traction [6], etc. Together with the power semiconductor 
development, there has been a significant evolution in passive components like capacitors, inductors 
and transformers enabling the operation at higher voltage and higher frequency. Since the power 
converters are used in more and more critical applications involving new technologies, it has revealed a 
need of precise modelling tool for design and health monitoring. 
In this article a medium frequency single-phase transformer is studied taking into account the hysteresis 
phenomenon of the magnetic material. The transformer is a part of a high efficiency and compact 
isolated DC-DC converter with nominal power 100 kW, input voltage 1200 Vdc and output voltage 
600 Vdc. The converter topology is a Dual Active Bridge [7] with the AC link operating at 20 kHz (Fig. 
1). The transformer model is essential when analysing the operation of converters and when optimising 
the design for high efficiency applications thanks to the robust core loss calculation in different operating 
conditions. 
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Fig. 1: High efficiency and compact isolated DC-DC 100 kW converter including the medium frequency 
single-phase transformer: photo (left) and schematics (right) 

Medium frequency transformer modelling has to take into account the numerous physical phenomena 
like skin and proximity effects [8] and capacitive couplings of the windings, and eddy effects and 
magnetic hysteresis [9] of the core. This article gives the state of the art on the macroscopic models of 
magnetic hysteresis and proposes the implementation of a feedback Preisach model. The parameters of 
the model are identified thanks to a measurement on a prototype transformer. The model is validated in 
a circuit simulation compared against a measurement. 

Macroscopic models of magnetic hysteresis 
In converter system level analysis the most suitable models of hysteresis are the macroscopic models 
[10]. So far the most accurate models of hysteresis are the Preisach model (PM) [11] and the 
Jiles-Atherton model (J-A) [12]. 
The J-A model can be used in the analysis of coupled electromagnetic, thermal and motion phenomena 
[13], [14], including the FEM calculations [15]. An algorithm and its implementation was presented in 
[16] allowing to determine the J-A model parameters. The J-A model is based on reversible and 
irreversible components of the total magnetization in the magnetic material. 
The PM was initially used in the field of magnetism but thanks to its mathematical representation it has 
been extended to other domains. A mathematical form of the PM was proposed in [17] and further 
developed in [18]. The PM involves a double integral of Preisach distribution function μ(α,β) allowing 
to calculate the magnetic flux density B as a function of the magnetic field intensity H. In the PM the 
magnetic flux density depends on the magnetic field intensity and on the material magnetization history. 
There have been many modifications of the original PM: generalized PM, moving PM, dynamic PM, 
vector PM which are presented in [19]. In this article the feedback Preisach model [20], [21] has been 
used allowing to gain the accuracy in the hysteresis nonlinearity modelling. 
This article proposes the development of the medium frequency single-phase transformer circuit model 
coupled with the generalized scalar Preisach model of hysteresis. The equivalent circuit model uses the 
common magnetic flux Φc as a function of ampere-turns Θ of all coils involving the hysteresis 
nonlinearity. The Preisach distribution function μ(α,β) is approximated by an analytical formula and the 
feedback function uses a third order polynomial. The model also includes an equivalent circuit for eddy 
currents. 

The feedback Preisach model of hysteresis 
In the classical Preisach model, a ferromagnetic material is made up of an infinite set of magnetic dipoles 
(hysteresis operators), each having the magnetic characteristics with two separate and randomly 
distributed properties α and β. Each operator has a rectangular hysteresis loop and it is defined by a 
mathematical operator γα,β(H), as presented in Fig. 2 (left). In the classical Preisach model the 
relationship between the magnetic field intensity H and the magnetic flux density B is expressed by the 
integral (1) 
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ܤ = ඵߤሺߙ, ఈஹఉߚdߙሻdܪఈ,ఉሺߛሻߚ  (1)

where μ(α,β) is the Preisach distribution function (PDF), being a kind of a material constant defined as 
a finite weight function having nonzero values within the limits of major hysteresis loop. The PDF μ(α,β) 
can be also considered as a probability density function where μ(α,β)dαdβ equals the probability that a 
randomly selected operator has a rectangular loop (α,β). In the feedback Preisach model (FPM) the 
positive switching field α is replaced by α+Hf(B) and the negative switching field β is replaced by 
β+Hf(B). In this article the hysteresis nonlinearity is proposed to be involved in Φc(Θ) expression. 

γα,β 

H

+1

−1

0
α β 

  

Θ(t) Θm(t) 

Θf(t) 
Θf(Φc) 

+
α≥β 
∫∫ ρ(α,β)dαdβ Φc(t) 

 
Fig. 2: Rectangular loop of an elementary hysteresis operator (left) and a block diagram of the feedback 
Preisach model of hysteresis (right) 

The FPM can be represented in a block diagram Fig. 2 (right). The upper box represents the classical 
Preisach transducer [18]. The lower box represents the feedback term Θf(Φc) that adds to the effective 
magnetomotive force acting on the elementary hysteresis operator. Finally, the FPM can be defined by 
the equation (2) ߔ௖ሺݐሻ = ඵߙൣߩ + ,௖ሻߔ௙ሺ߆ ߚ + ሻሿݐ௠ሺ߆ఈ,ఉሾߛ௖ሻ൧ߔ௙ሺ߆ dߙdߚఈஹఉ ௠߆  = ߆ + ௖ሻ (2)ߔ௙ሺ߆

where the ρ(α,β,Θ(Φc)) is the PDF depending on the common flux Φc, the γα,β(Θm) describes the 
rectangular loop of an elementary hysteresis operator. 
A circuit simulation of the FPM requires the calculation of ρ(α,β,Θ(Φc)) and Θf(Φc). An analytical 
approach for the calculation of feedback field Hf(B) was proposed in [24] but it is only applicable for 
relatively small feedback factors. A complete FPM parameter identification procedure was proposed in 
[25] but a linear feedback function was assumed which limits the use to some materials only. In [26] an 
nonlinear feedback function Hf(B) was used and the factorisation property of the function μ(α,β) was 
assumed, again limiting the use to some materials only. 
In this article, to approximate the PDF it is proposed a two-dimensional Gauss functional series (3) ߩሺߙ, ሻߚ = ෍ߨ12 ௡ܵ௫,௡ܵ௬,௡ܣ expቆ−ሺߙ + ሻଶ2ܵ௫,௡ଶߚ ቇ expቆ−ሺߙ − ሻଶ2ܵ௬,௡ଶߚ ቇே

௡ୀଵ  (3)

where An, Sx,n, and Sy,n are constant parameters. 
The feedback function is proposed to be a third order polynomial (4) ߆௙ሺߔ௖ሻ = ௖ߔଵܭ + ௖ଷ (4)ߔଷܭ
where K1 and K3 are constant parameters. 

Parameters identification of the feedback Preisach model 
The identification of the FPM requires the calculation of An, Sx,n, Sy,n, K1 and K3 parameters. The 
measurements were carried out on the medium frequency single-phase transformer (Fig. 3). The 
apparent power of the transformer is 180 kVA, the primary rated voltage is 1200 V and the secondary 
rated voltage is 600 V. The transformer was designed to operate at the frequency between 17 and 23 kHz 
with the lowest leakage inductance. For the windings, a copper foil is used and the core is made out of 
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3C90 ferrite. The primary winding is composed of 2 coils connected in series, each containing 14 turns. 
The secondary winding is composed of 2 coils connected in parallel, each containing 14 turns [8]. 

 
Fig. 3: DC-DC power converter with the medium frequency single-phase transformer as part of 
experimental setup for measurements of hysteresis loops 

The primary winding was supplied with a power amplifier controlled by a signal generator (Table I) 
under a slow time varying excitation current of 20 A (Θ=560 A). The frequency range between 1 Hz 
and 100 Hz was considered in order to reduce the dynamic effects in the magnetic material. The 
hysteresis characteristics Φc(Θ) was calculated from the set of measured voltages and currents [27], [28]. 
The flux density was obtained by numerical integration of the voltage induced in the secondary winding. 
The core was demagnetized before each measurement. 

Table I: Equipment used for the measurement of hysteresis loops 

Signal generator Tektronix AFG2021 
Amplifier AE Techron 7224 
Current probe Chauvin Arnoux E3N 
Voltage probe Tektronix TPP0500 
Oscilloscope Tektronix MDO4054B-3 

 
In order to calculate the An, Sx,n, Sy,n, K1 and K3 parameters the Levenberg-Marquardt optimization 
algorithm [29] was used. In the analysed range of excitation currents it was possible to well approximate 
the hysteresis nonlinearity by one single term N=1 of the series (3). The values of the hysteresis 
parameters are presented in Table II. 

Table II: Feedback Preisach model parameters 

Sx,1 [A] Sy,1 [A] A1 [-] K1 [-] K3 [-] 
583,2 10,08 0,00609 2,06e05 -3,97e10 

 
The hysteresis model was applied for the symmetrical major loop as a function of the total ampere-turns 
Θ. Fig. 4 shows the simulated symmetrical major loop compared with the experimental measurement. 
The differences between the measured and the simulated hysteresis loops are relatively small. 
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Fig. 4: Simulated and measured trajectories of the symmetrical major hysteresis loops - verification of 
the hysteresis model 

Transformer equivalent circuit 
In order to validate the hysteresis model in a circuit simulation, a no load operation of the transformer 
is considered. The proposed equivalent circuit is presented in Fig. 5. The transformer is supplied from a 
variable voltage source ucc including a resistance R0 and an inductance L0. The resistance of windings 
R1 and R2 is assumed constant in the considered frequency range. The magnetic couplings are modelled 
with their flux linkages Ψ1 and Ψ2. The primary and secondary winding capacitances are modelled with 
C1 and C2 respectively. The primary-secondary capacitance was not included since it is 3 orders of 
magnitude smaller. The eddy effects and excess losses in the core are modelled with an additional circuit 
defined by Ψ3 and R3 (which may be nonlinear). 
The Lagrange energy method is proposed to model the circuit. The generalised coordinates - loop 

currents are proposed in Fig. 5 and it is assumed that ݍሶ = ௗ௤ௗ௧ = ݅. 

ucc

R0 L0 R1 R2

R3

C1 C2Ψ1 Ψ2

Ψ3

iaid ib

ic

ip

up us

 
Fig. 5: Transformer equivalent circuit diagram for no load test: ucc - programmable voltage source; R0, 
L0 - resistance and inductance of the voltage source and connections; R1, C1, Ψ1 - primary winding 
resistance, capacitance and flux linkage; R2, C2, Ψ2 - secondary winding resistance, capacitance and flux 
linkage; R3, Ψ3 - resistance and flux linkage of the equivalent eddy current and excess losses circuit; ia, 
ib, ic, id - loop currents (in red); up, us, ip - primary voltage, secondary voltage and primary current 
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The Lagrange function is defined in the equation (5) ℒሺݍሶ௔, ,ሶ௕ݍ ,ሶ௖ݍ ,ሶௗݍ ,௔ݍ ,௕ݍ ,௖ݍ =ௗሻݍ ቈ12 ሶ௔ݍ଴ሺܮ + +ሶௗሻଶݍ න ,ሶ௔ݍଵሺߖ ,ሶ௕ݍ ሶ௖ሻݍ ሶ௔ݍ݀ + න ,ሶ௔ݍଶሺߖ ,ሶ௕ݍ ሶ௖ሻݍ ሶ௕ݍ݀ + න ,ሶ௔ݍଷሺߖ ,ሶ௕ݍ ሶ௖ሻݍ ሶ௖௤ሶ೎଴ݍ݀
௤ሶ್଴

௤ሶೌ଴ ቉− ቈ12 ଵܥௗଶݍ + ଶܥ௕ଶݍ12 ቉ 
(5)

and the Rayleigh dissipation function is defined in the equation (6). ௘ܲሺݍሶ௔, ,ሶ௕ݍ ,ሶ௖ݍ ሶௗሻݍ = 12ܴ଴ሺݍሶ௔ + ሶௗሻଶݍ + 12ܴଵݍሶ௔ଶ + 12ܴଶݍሶ௕ଶ + 12ܴଷݍሶ௖ଶ (6)

The Euler-Lagrange equation is defined in (7) ݀݀ݐ ߲ℒ߲ݍሶ௔ − ߲ℒ߲ݍ௔ + ߲ ௘߲ܲݍሶ௔ = ݐ݀݀ ሻݐ௖௖ሺݑ ߲ℒ߲ݍሶ௕ − ߲ℒ߲ݍ௕ + ߲ ௘߲ܲݍሶ௕ = ݐ݀݀ 0 ߲ℒ߲ݍሶ௖ − ߲ℒ߲ݍ௖ + ߲ ௘߲ܲݍሶ௖ = ݐ݀݀ 0 ߲ℒ߲ݍሶௗ − ߲ℒ߲ݍௗ + ߲ ௘߲ܲݍሶௗ =  ሻݐ௖௖ሺݑ
(7)

which after some simplifications can be transformed to the equation (8). 

ێێۏ
ێێێ
଴ܮۍێ + ሶ௔ݍଵ߲ߖ߲ ሶ௕ݍଵ߲ߖ߲ ሶ௖ݍଵ߲ߖ߲ ሶ௔ݍଶ߲ߖ଴߲ܮ ሶ௕ݍଶ߲ߖ߲ ሶ௖ݍଶ߲ߖ߲ ሶ௔ݍଷ߲ߖ0߲ ሶ௕ݍଷ߲ߖ߲ ሶ௖ݍଷ߲ߖ߲ ଴ܮ0 0 0 ۑۑے଴ܮ

ۑۑۑ
ېۑ ൦ݍሷ௔ݍሷ௕ݍሷ௖ݍሷௗ൪

= ൦ݑ௖௖ሺݐሻ00ݑ௖௖ሺݐሻ൪ − ൦ܴ଴ + ܴଵ 0 0 ܴ଴0 ܴଶ 0 00 0 ܴଷ 0ܴ଴ 0 0 ܴ଴൪ ൦
ሶௗ൪ݍሶ௖ݍሶ௕ݍሶ௔ݍ − ێێۏ

ۍێێ
0 0 0 00 ଶܥ1 0 00 0 0 00 0 0 ۑۑےଵܥ1

ېۑۑ ൦ݍ௔ݍ௕ݍ௖ݍௗ൪ 
(8)

It is assumed for this type of magnetic core that there is a flux common to all windings Φc. Thus, the 
left hand side of the equation (8) can be expressed with (9) [23]  

൦ܮ଴ + ஢ଵܮ 0 0 00 ஢ଶܮ 0 00 0 ஢ଷܮ ଴ܮ0 0 0 ଴൪ܮ ൦
ሷௗ൪ݍሷ௖ݍሷ௕ݍሷ௔ݍ + ߆∂௖ߔ∂ ൦ ଵܰ ଵܰ ଵܰ ଶܰ ଵܰ ଷܰ 0ଶܰ ଵܰ ଶܰ ଶܰ ଶܰ ଷܰ 0ଷܰ ଵܰ ଷܰ ଶܰ ଷܰ ଷܰ 00 0 0 0൪ ൦

ሷௗ൪ (9)ݍሷ௖ݍሷ௕ݍሷ௔ݍ

where Θ is the total ampere-turns of all coils defined in the equation (10), Nk is the number of turns of 
the k-th coil and Lσk is the leakage inductance. ߆ሺࢗሶ ሻ = ଵܰݍሶୟ + ଶܰݍሶ௕ + ଷܰݍሶୡ (10)
The relationship Φc(Θ) involves the feedback Preisach model of hysteresis presented in the previous 
paragraphs. 

Circuit simulations and comparison with a measurement 
The transformer circuit model involving the feedback Preisach model of hysteresis can be implemented 
in any nonlinear differential equation computation software. The voltage supply was modelled with a 
trapezoidal waveform with a variable slope corresponding to the average inverter dv/dt. The model 
parameters presented in Table III were measured on the prototype transformer. 
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Table III: Transformer equivalent circuit parameters 

 Primary winding Secondary winding 
Number of turns N1 = 28 N2 = 14 
Resistance R1 = 9,5 mΩ R2 = 1,9 mΩ 
Inductance Lσ1 = 1,3 µH Lσ2 = 0,8 µH 
Capacitance C1 = 0,4 nF C2 = 4,3 nF 

 
A no load operating point at 800 V 17 kHz is presented in Fig. 6 for the simulation and the measurement. 
A no load operation with an increased supply voltage is presented in Fig. 7 and the simulated hysteresis 
loops are presented in Fig. 8. 

    
Fig. 6. Simulated (left) and measured (right) waveforms at 800 V 17 kHz no load operation: primary 
voltage up, secondary voltage us, primary current ip 

 
Fig. 7. Simulated waveforms with an increased supply voltage 3500 V 17 kHz no load operation: 
primary voltage up, secondary voltage us, primary current ip 

  
Fig. 8. Simulated hysteresis loops at 800 V 17 kHz and 23 kHz (left) and with an increased supply 
voltage 3500 V 17 kHz compared with 800 V 17 kHz (right): flux common to all windings Φc, total 
ampere-turns of all coils Θ 

It can be observed that the simulation model fits the measurement quite well. The small differences are 
probably caused by the slightly different supply voltage shape. The transformer circuit model involving 
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the feedback Preisach model of hysteresis enables a precise analysis in various operating conditions like 
frequency change or supply voltage shape change. The hysteresis and eddy current losses are directly 
calculated enabling, for example to evaluate the impact of a power converter design on the transformer 
performance. 

Conclusions 
This article presents a precise modelling method of a medium frequency single-phase transformer. The 
feedback Preisach model of hysteresis is developed and implemented in an equivalent circuit simulation. 
The circuit model parameters are identified for a high power and high efficiency DC-DC converter 
prototype. The modelled hysteresis loops are compared against a measurement. A no load operation of 
the transformer is analysed with a voltage source inverter supply. The presented simulation results are 
compared against a measurement showing a good fit. 
The proposed transformer modelling method has been proven in the analysis of a DC-DC converter 
operation. The method can be used in a design process of power converters and in health monitoring of 
medium frequency transformers thanks to its accurate losses estimation in various operation conditions. 
The model can be further developed including a precise model of winding resistance and a more detailed 
model of winding capacitances. 
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