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Multi-physics modeling in power electronics contains EMC studies, thus conception requires modeling of passive elements. These models need to be compatible with the simulation software usually used in the industry. An analysis for modeling an inductor at high-frequency is presented in this study. The method takes into account the proper inductances of the turns, the mutual inductances between them, the parasitic capacitances, and the resistance of the windings. The originality of the model is that it is based on physical geometries and the material characteristics of the inductor and covers a large frequency bandwidth. These elements are used to create an analytical model based on electrical equations in order to provide the frequency dependent impedance of the inductor. The model is validated using experimental measurements.

I. INTRODUCTION

Multi-physics modeling in power electronics contains EMC studies, thus conception requires modeling of passive elements. These models need to be physical in order to be more effective, compatible with the simulation software usually used in the industry, and predictive (before the prototyping phase).

At high frequencies, these models will have a different behavior than at low frequencies. Many factors can affect this behavior and force the components of any model to be frequency-dependent.

Previous studies have used a number of different methods to model high frequency inductors. Some are based on the finite element method (FEM) [START_REF] Zhou | Modèles de composants passifs et couplage électromagnétique pour filtres HF de puissance -Optimisation du placement[END_REF], which consumes a lot of hardware and time, and can only provide a global model that does not take into consideration the parasitic elements of the inductor.

Other models are physical analytical models based on lumped parameters that give an equivalent circuit model with global frequency-dependent L, C and R [START_REF] Kazimierczuk | High-Frequency Small-Signal Model of Ferrite Core Inductors[END_REF][2] [START_REF] Liu | High frequency model of common mode inductor for EM1 analysis based on measurements[END_REF][8] [START_REF] Ragusa | High Frequency Modelling method of EMI filters for Hybrid Si -SiC Matrix Converters in Aerospace Applications[END_REF]. These models are not optimized for use in an electric circuit simulator such as SPICE. [12] A number of methods represent the non-linear core model as a series of LR branches in order to take into consideration the hysteresis cycle [START_REF] Heinemann | Modeling of High Frequency Inductors[END_REF]. These models do not account for the physical parasitic seen at high frequencies and also replace the capacitances between coils by one equivalent capacitor. Such modifications can influence the time domain simulations as the model does not completely reproduce reality.

The purpose of this study is to give a physical model of an inductor based on its geometry and the characteristic of its core and windings while taking into account the inductances, the capacitances, and the core losses which exist. These parameters are defined using formulas from the literature [START_REF] Massarini | Lumped Parameter Models for Single and Multiple-Layer Inductors[END_REF][4] [START_REF] Grandi | Stray Capacitances of Single-Layer Solenoid Air-Core Inductors[END_REF][6] [START_REF] Hole | Stray capacitance of a twolayer air-cored inductor[END_REF].The model will represent the real aspect and behavior of the inductor at both low and high frequencies, being a physical model rather than a lumped parameter equivalent model.

The study models each turn by the electrical equation between 2 nodes. Following this, all capacitances between nodes are included in order to define a resonant model of the inductor. The frequency response of this model is compared to a real measurement in order to validate it. Finally, a time domain simulation of the model is presented.

II. MODEL DEFINITION

A. Structure

The inductor consists of n turns on the same layer as shown in fig. 1. The approach involves modeling each turn based on its physical and electromagnetic characteristics as well as modeling the coupling between the turns. Fig. 1: Inductor of n turns on the same layers Fig. 2 shows an electromagnetic representation of a winding where R i represents the resistance of the turn i (including the core losses), L i is its proper inductance , and M ij is the mutual inductance between turns i and j. 
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to be integrated in the system. The next subsections will present the method of calculation used for determining the parameters mentioned above.

B. Proper and Mutual Inductances

Grover [START_REF] Grover | Inductance Calculations, Chaps. 2 and 13[END_REF] presented formulas and methods for calculating the proper and mutual inductances for different coil forms.

This work focusses on coaxial circular turns. The proper inductance for turn i can be calculated using (1):
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where µ is the permeability of the core, r the radius of the conductor, and R the radius of the turn.

For the mutual inductance calculation, we consider having two turns i and j as shown in fig. 3. Based on Neumann's formula, the mutual inductance between the two turns in question is determined as follows:
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where ds i and ds j are incremental sections of the conductors and d is the distance between them. The integral in (2) can be represented in terms of the complete elliptic functions K and E in (3) and ( 4):
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Using these elliptic functions, the mutual inductance between turn i and turn j is determined as in (5):
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where:
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Considering a solenoid consisting of n turns, for each, it is necessary to determine the proper inductance and mutual inductance between the turn in question and all other turns. Knowing all inductances in the structure, we the total inductance of the solenoid is obtained:
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This factor gives a good image of the inductor in the first frequency range (before the main resonance frequency) where the parasitic parameters of the inductor will be neglected beside the inductive dominance.

(1) and ( 2) show that the proper and mutual inductances depend on the permeability of the core. In the case of a solenoid (rod), the electromagnetic field runs outside the core and closes its circuit through the surrounding air. This will change the effective permeability of the core. Instead of having: [START_REF] Liu | High frequency model of common mode inductor for EM1 analysis based on measurements[END_REF] where µ r is the relative permeability of the core and µ 0 the permeability of air, the relative permeability will be replaced by an effective permeability. This last depend on the core geometry as well as its relative permeability and can be obtained using the plot in fig. 4 [13] 

C. Capacitances

In this section, the calculation of the capacitances between turns or between a turn and the core will be presented. The impedance of the capacitance is inversely proportional to the frequency. At low frequencies, this impedance will be neglected compared to the inductance's which is directly proportional to the frequency. In order to model an inductor at high frequency, it is important to determine the value of these capacitances and to integrate them in the model.

In [START_REF] Massarini | Self-Capacitances of Inductors[END_REF], A. Massarini proposed a method to determine these capacitances by studying the lines of the electric field. Considering 2 conductors as shown in fig. 5, the electric field between the 2 conductors is present in the insulating coating as well as in the air between the 2 conductors. The elementary capacitance of the insulating coatings can be determined as mentioned in (8):
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where l t is the turn length, r c the inner radius and r 0 the outer radius.

As for the capacitance of the air gap, it is necessary to determine the path of the electric field:
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The elementary surface of the wire is:
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Using ( 9) and ( 10), we can determine the elementary capacitance per unit angle of the air gap: [START_REF] Ragusa | High Frequency Modelling method of EMI filters for Hybrid Si -SiC Matrix Converters in Aerospace Applications[END_REF] The series combination of the elementary capacitances mentioned above is given by:
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And finally, to obtain the capacitance between the turns, (12) is integrated:

2 / (13)
The equation above can be used to calculate the turnto-core capacitance. Since the core is at a constantpotential and located on the vertical plane of the conductors as shown in Fig. 2, the path lengths of the electric field studied above in the air gap between the turn and the core are one half of the path lengths between two conductors on the same layer. As a result, the capacitance between a turn and the core can be determined:
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The formulas presented in this subsection permit the determination of every parasitic capacitance in our system whether it was an adjacent turn-to-turn capacitance, non-adjacent turn-to-turn capacitance, or turn-to-core capacitance.

D. Resistances

The system resistance is due to both the winding resistances R w and the core series resistance R c . Both of these resistances are frequency-dependent. For the winding resistance, skin-effect and proximity-effect should be taken into consideration. An analytical representation of these effects is shown in (15) [START_REF] Kazimierczuk | High-Frequency Small-Signal Model of Ferrite Core Inductors[END_REF]:
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where R wdc is the DC resistance and A for a round wire is:
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In ( 16), d represents the conductor diameter and t the distance between the centers of two adjacent conductors. The skin depth of the conductor δ is given by: (17) where ρ w is the wire resistivity.

On the other hand, the frequency-dependent core resistance needs the knowledge of the frequencydependent permittivity and permeability of the core.

The frequency-dependent permeability represents the core magnetic hysteresis loss:
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To include the core dielectric loss, the electric permittivity of the core is presented by a complex quantity that is also frequency-dependent:
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Using these definitions, the core series resistance can be calculated as shown in (20): . √2
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The resistance in (20) is represented using the Bessel function of first kind,
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and δ:
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where δ c is the electric conductivity of the core. In this section, the determination of the frequencydependent resistance was presented, which is the series association of the conductor resistance and the core equivalent resistance.

E. SPICE Model

The purpose of this work is to develop a Spice compatible physical model. In order to do that, every section studied must be represented using Spice models. To model a solenoid with n turns in Spice, the system is considered to be composed at first of n+1 major nodes in series. Each turn will be represented between two nodes.

The electromagnetic system will be modeled by arbitrary behavioral voltage sources between two major nodes. The proper and mutual inductances in the system can be calculated as mentioned in section II-B. Using (23) for each turn i models the entire electromagnetic system of the solenoid:
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where I i is the current in the turn i.

In addition to the arbitrary behavioral voltage, the wire and core resistance calculated in section II-D were added in series. After modeling all turns in such a way, it is necessary to add the electrostatic system. In section II-C, it was shown how to determine the capacitance between two turns on the same layer or between a turn and the core. The capacitance between the turn i and j will be placed between the node i and the node j. On the other hand, the capacitance between the turn i and the core will be placed between the node i and a common node for all the turns N core . Fig. 7 shows a portion of the model with the capacitances added. 

III. EXPERIMENTAL VALIDATION

In order to validate our model, experimental results are necessary. Fig. 8 shows a solenoid prepared in our laboratory in order to be used in this study: The device will measure the S ij parameters as a function of frequency. These parameters will be used in order to calculate the impedance of the solenoid and thus its real part, imaginary part, module and phase.

Fig. 10 and Fig. 11 shows a comparison between the real part of the real solenoid and the physical model proposed in this article. It can be seen that the real part of the impedance of the model is close to real measurements. For low frequencies, the real part does not extend few Ohms and as soon as we approach the first resonance, it increases exponentially and hits its maximum value as the mentioned frequency. From there, increasing the frequency results in decreasing the impedance real part exponentially. It can be seen that the comparison between the proposed model and the measurements shows a good agreement until a certain frequency. Below the first resonant frequency, there is little difference between the model and the measurements. When the frequency reaches 5 MHz, slight differences can be seen but the model continue is still able to locate a second and third resonance at 12 MHz and 20 MHz. Above these frequencies, the limitations of the model prevent comparison. 

IV. TIME DOMAIN SIMULATION

As previously mentioned, the model proposed in this study can used in both time and frequency domains. In the previous section, the frequency-domain validation has been studied. The efficiency of the model in the time domain must also be verified. In order to do this, the proposed model is excited by a current source of 1A and the voltage at its terminals is studied. Fig. 14 presents the result of the time simulation. In this figure, two regions can be found in the simulation. The transient state shows the effect of the parasitic elements in the solenoid and is presented by a harmonic oscillator. The inductances and capacitances in the system have an effect on the frequencies of the oscillations. On the other hand, the resistances present in the model will change the oscillations amplitude. As for the permanent state, it's a constant voltage relative to the resistive part of the inductor.

The last simulation shows the response of the inductor model to a constant current. In power electronics, currents switch quickly in the presence of active components. Fig. 15 shows the response of our model to a pulse signal. An approach providing a physical model of an inductor based on its geometry and magnetics and electrostatic characterization has been introduced here. This model gives a better understanding of the behavior at high frequencies and parasites and is SPICE compatible. Previous models which can be used in SPICE did not give this level of precision at high frequencies. This work provides an efficient model both in the frequency (low and high frequencies) and the time domains. 
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 21 Fig. 2: Electromagnetic Model of a windingAs for the electrostatic system, the parasitic capacitances between the turns (consecutive or not) need
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  Fig 6 represents the model for turn i which includes each of these elements:
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 6 Fig. 6: Modeling a turn of the solenoid in Spice

SHOFig. 7 :

 7 Fig. 7: A part of the model showing the 3 parts studied
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 8 Fig. 8: Solenoid used to validate the model The solenoid in question is composed of a single layer over a ferrite bobbin core. The geometric characteristics are listed as follows: • R : Radius of the solenoid: 15 mm • r : Radius of the conductor: 0.25 mm • e : Distance between 2 adjacent turns : 0.54 mm • n : Number of turns : 31 • u reff : Effective relative permeability of the core: 4.3 In order to measure the impedance of the solenoid, an Agilent E5071C Network Analyzer has been used (fig. 9).
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 9 Fig. 9: Agilent E5071C Network Analyzer
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 12 Fig. 12: Imaginary part of the solenoid Fig. 13 compares the module of the impedance of the model presented in this work and the measurements.
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 13 Fig. 13: Impedance Module of the solenoid
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 14 Figure 14: Time simulation of the model
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 15 Figure 15: Voltage response of the model to a pulse current