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High-frequency static converters requires inductors, common and differential mode chokes with a low equivalent parallel capacitance. To reduce it, this paper proposes first a semi-analytical model of this capacitance for inductors made with coated ring cores of nano-crystalline material. This model is based on 2D finite element method to compute the turn-turn and turn-core parasitic capacitances, taking into account loose windings. Then the total capacitance is computed thanks to an energetic approach. The model is validated against measurements performed on one core for several numbers of turns. Since the model shows that the capacitance is almost linear with the parasitic turn-core capacitance, specific devices are proposed to increase the distance between turns and core and thus decrease the capacitance. It is demonstrated that a small increase in overall volume allows to divide the equivalent parallel capacitance of a common mode choke by almost a factor of three while increasing its overall volume by only 37%.

Introduction

High frequency power converters (> 100 kHz range) made with GaN and SiC fast switching transistors are prone to high frequency noise that must be reduced to comply with EMC standards [START_REF] Morya | Wide Bandgap Devices in AC Electric Drives: Opportunities and Challenges[END_REF]. But the inductors used in the low-pass filters are not perfect [START_REF] Shuo Wang | Effects of parasitic parameters on EMI filter performance[END_REF], and their Equivalent Parallel Capacitances (EPC) is a low impedance path for high frequency noise. To gain insights on the way to reduce it, a model is needed. Finite Element Method (FEM) is usually used to simulate the value of the EPC [START_REF] Kovačić | Small-Signal Calculation of Common-Mode Choke Characteristics Using Finite-Element Method[END_REF][START_REF] Chafi | Design Method of PCB Inductors for High-Frequency GaN Converters[END_REF][START_REF] Cuellar | Stray capacitances determination methods of EMI filter inductors[END_REF][START_REF] Bensetti | A hybrid finite-element method for the modeling of microcoils[END_REF] but its relation with geometrical and material parameters is difficult to infer and requires sensitivity analysis. To tackle this black box vision and to increase the speed of computation for optimization purpose [START_REF] Zaidi | Optimization Method of CM Inductor Volume Taking Into Account the Magnetic Core Saturation Issues[END_REF], several analytical models have been proposed in the literature [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF][START_REF] Shen | An Improved Stray Capacitance Model for Inductors[END_REF][START_REF] Dong | Analytical Method for Extraction of Stray Capacitance in Single-Layer CM Chokes[END_REF][START_REF] Tan | Analytical modeling of parasitic capacitances for a planar common mode inductor in EMI filters[END_REF][START_REF] Dalessandro | Self-Capacitance of High-Voltage Transformers[END_REF][START_REF] Massarini | Self-capacitance of inductors[END_REF]. Some are specific for transformers with straight core and multilayer windings [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF][START_REF] Shen | An Improved Stray Capacitance Model for Inductors[END_REF][START_REF] Tan | Analytical modeling of parasitic capacitances for a planar common mode inductor in EMI filters[END_REF][START_REF] Dalessandro | Self-Capacitance of High-Voltage Transformers[END_REF]. Others are dedicated to ring core inductors [START_REF] Dong | Analytical Method for Extraction of Stray Capacitance in Single-Layer CM Chokes[END_REF][START_REF] Massarini | Self-capacitance of inductors[END_REF] but fail to reproduce the evolution of the capacitance with an increasing number of turns because of the non-physical potential distribution along the winding. In this paper, a model of the EPC of a ring core inductor with conductive core is proposed. Firstly the potential distribution along the winding and the capacitive network of the winding are described. Secondly this network is solved by an energetic approach [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF][START_REF] Biela | Using Transformer Parasitics for Resonant Converters-A Review of the Calculation of the Stray Capacitance of Transformers[END_REF][START_REF] Snelling | Soft Ferrites : Properties and applications[END_REF]. Then the elementary inter-turns and turn-core capacitances are computed to complete the model. Several analytical formulations are described in [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF][START_REF] Dong | Analytical Method for Extraction of Stray Capacitance in Single-Layer CM Chokes[END_REF][START_REF] Massarini | Self-capacitance of inductors[END_REF] but only the ones that take into account tight windings [START_REF] Dalessandro | Self-Capacitance of High-Voltage Transformers[END_REF][START_REF] Massarini | Self-capacitance of inductors[END_REF] are compared against FEM or measurements in [START_REF] Chagas | Analytical Calculation of Static Capacitance for High-Frequency Inductors and Transformers[END_REF]. Since loose windings are of interest in this paper, FEM is preferred. Thirdly the proposed model is compared against measurements. Finally some ways to reduce the EPC are presented in a fourth part thanks to the study of the proposed model.

Description of the common mode choke

The common mode choke is a two windings component that provides a high impedance path to common mode current (thus filtering it) and low impedance path to differential mode current (leakage inductance for a not perfect choke). Figure 1a depicts the component, Fig. 1b and Fig. 1c its equivalent circuit and the common mode equivalent one respectively, with L * the complex inductance (inductance with losses), EPC the capacitance due to windings, I CM the common mode current, U L the voltage drop across the choke due to I CM , and V 0 a reference potential. It is assumed that EPC = 2 • EPC w because of the symmetry of the component and the system which is connected to it. 
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Geometry and material

Figure 2a shows a transversal cut of the component. Since the windings are symmetrical, only one half of the choke is drawn, and the N turns of each winding cover an angle β. The core is a ring with a rectangular section as depicted in Fig. 2b with h its height, w its width defined as the difference between the external radius R and the internal radius r. Each face i among the ones described in Fig. 2b (i ∈ {R, r, h}, assuming that the top and bottom faces are the same) can be configured by its mid section as in Fig. 2c, with ς i the maximum turn-core space, s tti the inter-turn space, d w the copper diameter of the wire, d wo the insulated wire diameter, ε w its relative permittivity, and e i the coating thickness of the core with ε c its relative permittivity.

Capacitive network of one winding

Only one winding is studied because of the symmetry of the component. In Fig. 1b the stray capacitance of one winding is called EPC w , and the total stray capacitance EPC is equal to two times the EPC w . The elementary capacitances dC tt and dC tc , presented in Fig. 3a, represent the capacitive couplings between each turns, and between turns and core respectively. These elementary capacitances depends on the position considered on each face of the core. The study of the capacitive network is simplified by considering each turn as a mono-potential closed-loop of perimeter p, as shown in Fig. 3b Then a parasitic capacitance C tt = p dC tt is introduced between each turn, and a parasitic capacitance C tc = p dC tc is placed between each turn and core, as depicted in Fig. 3.

Voltage distribution along one winding

Since all turns are coupled to the same core, they see the same magnetic flux Φ, so according to Lenz law the voltage drop along one turn (between two loops) is U tt = -dΦ/dt = U L /N, when no propagation occurs in the winding. The potential V n of each loop is chosen as the mid-potential of each turn and is described in [START_REF] Morya | Wide Bandgap Devices in AC Electric Drives: Opportunities and Challenges[END_REF]. The potential of the core V c = U L /2 +V 0 is the mean potential of the winding because of the symmetry of the capacitive network [START_REF] Shen | An Improved Stray Capacitance Model for Inductors[END_REF]. An example of potential distribution is shown in Fig. 3c.
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Model of the Equivalent Parallel Capacitance

An energetic approach is used to compute the EPC knowing the capacitive network and the voltage across each capacitance in the next subsection. The subsection after shows how the values of inter-turn and turn-core capacitances are determined by FEM.

Computation of the EPC knowing the voltage distribution

The total electrical energy E tot stored in the winding is the sum of the energy of each capacitance as described in [START_REF] Shuo Wang | Effects of parasitic parameters on EMI filter performance[END_REF]. Then the EPC as a function of turn number is retrieved as in (3), knowing that the total voltage drop is U L . For a number of turns N big enough, the EPC is almost a linear function of the turn-core capacitance C tc .

E tot = N ∑ 1 1 2 C tc 2n -N -1 2N 2 U 2 L + N-1 ∑ 1 1 2 C tt 1 N 2 U 2 L = 1 2 • EPC w •U 2 L (2) EPC w (N) = N -1 N 2 C tt + 1 12 N 2 -1 N C tc (3) 
Determination of C tt and C tc by FEM simulation

The parasitic capacitances C tc and C tt are determined by FEM because loose winding and insulation layers are easily taken into account compared to analytical formulations. To speed up simulations, and simplify the geometry definition in software, 2D FEM is preferred over 3D FEM. Therefore assumptions to make the geometry compatible to 2D are described in the following subsections.

Assumptions for the core coating

The thickness of the coating is assumed to be constant and equal to e w along the internal and external radii of the core. It is determined from the half difference of the measured coated width of the core w c and width w as shown in Fig. 4a. The core is assumed to be a perfect conductor to determine the relative permittivity of the coating ε c . Then the radial capacitance across the cross section of the core is measured and FEM inverse modelling is used to retrieve the value of the permittivity. The radial cut depicted in Fig. 4a shows the setup used to measure the radial capacitance where copper tape is used to make the two surface-probes of potential V + and Valong internal and external radii. Therefore the objective the minimization of the square of the difference between the measured and simulated capacitances, with ε c as the design variable. The result is ε c equal to 2.9 ± 0.5. In addition the Fig. 5b shows that the coating thickness on the top and on the bottom of the core is not constant, its shape is assumed to be parabolic and defined by the function E h (4), with ξ h the top of the parabola (deduced from the measurement of the maximum coated height of the core h c ). Therefore the top coating thickness e h is approximated as the mean of E h (x), hence the fraction of the maximum thickness (4) 

   ∀x ∈ [0, w c /2], E h (x) = ξ h -ξ h 2x w c 2 e h = 2 w c w c /2 0 E h (x) • dx = 2/3 • ζ h (4)

Assumptions for the turns

As illustrated in Fig. 5a the wire is not parallel to each face, it is assumed to follow a parabolic curve centered on each face. The coiled height h b and coiled width w b of the component are measured at the top of the parabola made by the turn. To determine C tc and C tt straight geometries are needed, as shown in Fig. 5b. The top and bottom thickness of coating have already been made constant in the previous subsection. The same assumption is used on the turn. The equation of the parabolic curve S i is presented in [START_REF] Cuellar | Stray capacitances determination methods of EMI filter inductors[END_REF] with: γ i the distance between wire conductor and external surface of the core at the end of the face x i (with x i ∈ { w 2 , h 2 }) due to either the coating of the wire, or any supplemental material used to insulate or provide space between turn and core ; ς i the maximum turn-core distance measured at the top of the parabola. Then the turn-core equivalent distance s tci is determined by taking the mean distance under the curve as in [START_REF] Cuellar | Stray capacitances determination methods of EMI filter inductors[END_REF]. Finally the inter-turns spaces along internal and external radii, s ttr and s ttR respectively, are determined from the winding angle β (measured at the middle of wire diameter as depicted in Fig. 2, and for a regular part of winding: for example first and last turn were not taken into account because at the time of measurement they were not aligned with the others) and the measurements of the wounded component external and internal radii R b and r b respectively [START_REF] Zaidi | Optimization Method of CM Inductor Volume Taking Into Account the Magnetic Core Saturation Issues[END_REF]. The inter-turn distance on the top and bottom of the core section s tth is assumed to be equal to the mean of the inner and outer inter-turns spaces [START_REF] Zaidi | Optimization Method of CM Inductor Volume Taking Into Account the Magnetic Core Saturation Issues[END_REF]. 

   S i (x) = ς i -(ς i -γ i ) x x i 2 s tci = 1 x i x i 0 S i (x) • dx = 2 3 ς i + 1 3 γ i (5) ς r = ς R = 1 2 (w b -w c -2d wo ) ς h = 1 2 (h b -h c -2d wo ) (6) 
       s ttR = 1 N-1 β(R b -d wo 2 ) -d wo -d wo s ttr = 1 N-1 β(r b + d wo 2 ) -d wo -d wo s tth = s ttr +s ttR 2 (7)

Assumptions for the wire insulation

To avoid the meshing of a small thickness, the insulation layer of the wire of thickness e w = (d wod w )/2 is replaced by a portion δ r of the wire radius r w , as presented in Fig. 6. Assuming the series capacitances C w ,C air can be approximated with parallel plate capacitances expression (because field lines are almost radial in the insulation layer), δ r is chosen to ensure C eq = C w • C air /(C w + C air ) resulting in [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF]. This leads to a new wire diameter and inter-turn and turn-core spaces ζ tt,i and ζ i respectively, as in equation [START_REF] Zhao | Physics-Based Modeling of Parasitic Capacitance in Medium-Voltage Filter Inductors[END_REF]. Here ε w is assumed to be equal to 4 (at 1 MHz, 60°C according to [START_REF] Diaham | Dielectric properties of polyamide-imide[END_REF]), and e w is 30 µm according to the data sheet of the wire. Since e w is closed to the obtained δ r = 22.4 µm (rel. error +30%), δ r is chosen to be equal to e w , and s tci , s tti are leaved unchanged. 

       δ r = e w 1 -1 ε w ζ tti = s tti + e w -2δ r ζ i = s tci + e w -δ r (8) 

2D FEM simulation

The parasitic capacitances C tci and C tti between a pair of turns along face i of the core are determined by means of 2D FEM [19]. The section of the geometry is depicted in Fig. 7a and Fig. 7b for C tci and C tti respectively. The depth of the simulation depends on the face i considered (h for simulation along r and R, w for simulation along top and bottom). The total energies E a and E b of each simulation in Fig. 7 are used in [START_REF] Shen | An Improved Stray Capacitance Model for Inductors[END_REF] to retrieve the parasitic capacitance along each face. As expected C tti depends mainly on the inter-turn distance s tt as shown in Fig. 7c and C tci depends not only on turn-core distance s tc but also on inter-turn distance. This is due to E field having more room to reach the core surface from the turn. So s tt is not a degree of freedom to reduce the overall EPC, and should be kept as small as possible. Finally, the total parasitic capacitance C tc and C tt of one turn are computed by adding the contribution of each face [START_REF] Dong | Analytical Method for Extraction of Stray Capacitance in Single-Layer CM Chokes[END_REF].

C tci = 1 4 E a C tti = 1 2 E b -1 8 E a (9) 
C tc = C tcR +C tcr + 2 •C tch C tt = C ttR +C ttr + 2 •C tth (10)

Experimental validation

An inductor with one winding is used to validate the model of the EPC w . The core used in this section is a Vacuumschmelze T60004-L2030 W911, and named A1 hereafter.

Measurements of the geometry

The nominal uncoated geometry of the core (R, r, h) is known thanks to the data sheet. All the measurements described earlier are performed with a caliper (±0.02mm). Since the core is not a perfect cylinder, 

ε c Antisymmetry +1V -1V 0V 0V ε c Symmetry +1V +1V 0V -1V (a) (b) (c)

Measurement of the EPC

The EPC of the component (with either one or two windings) is extracted from the impedance measurement performed with the impedance analyzer HP4294A (equipped with the 16047E socket, and with core standing on its leads at 2 cm over the socket). Fitting is used to find the EPC knowing the measured impedance and the perfect impedance built with the measured inductance factor A L and the number of turns N. This procedure is repeated for N varying from 30 to 50, by step of 5.

Comparison of the models against the measurements

The measurements described in the previous subsection are compared to the model. To compute the EPC w the capacitances C tc ,C tt are simulated for each face as described previously, then the values are injected in (3) with the number of turns N. In addition to the nominal value, two extrema of EPC w are calculated: the minimum one given by the maximal value of the distance between turns and the uncoated core s tci + e i , and minimal value of ε c ; the maximum one is the opposite. Fig. 8a illustrates the evolution of EPC w with the number of turns N. The model is able to reproduce the increase with N, but the nominal relative error of the model to the measurements is between -32% and -27%. Even with the measurement errors on s tc,i , e i and ε c taken into account the relative error is reduced but still between -6% and -12%. The origin of this discrepancy might be the hypotheses used to make the geometry straight in the previous section. The deviation at 35 turns in the measured EPC shows also the influence of a not regular turns distribution. The Fig. 8b shows the impedances over the frequency of A1 in comparison to the modelled impedance with the nominal value of EPC w .The capacitive effect is satisfactorily modelled up to more than 10MHz. As expected however, at frequency greater than 20MHz 

1XPEHURIWXUQV1 EPC w %>S)@ 0HDV 0RGHO PLQPD[ (a) EPC w of A1 0RGXOH> @ N+] N+] 0+] 0+] 0+] )UHTXHQF\ 3KDVH>@ 0HDV 50 2 A L 0RG ( 

Minimization of the parasitic capacitance

According to (3) the effort to reduce EPC for a given number of turns N should be performed on the reduction of the value of C tc . As seen before s tti should be kept as small as possible. Then C tc is qualitatively proportional to the perimeter of each turn p and inversely proportional to the distance s tc between turn and core. An action based on the latter is proposed in the following subsection, and measurements are shown in the following one.

Design of a device to move the turns away from the core A specific device has been designed in this paper to provide different distances between turn and core. This device has been 3D printed with Poly-Lactic-Acid (PLA) thermoplastic and is presented in Fig. 9a. Three ring cores of the previously used reference have been wound with two windings of 30 turns in common mode, as seen in Fig. 9b. The first one is a control one and named A1 while A2 and A3 are equipped with a device with a theoretical thickness of respectively 0.8 mm and 1.6 mm.

Measurements of the EPC for different turn-core distances

The EPC of the A series have been extracted as specified before, and compared to the model computed as in the previous section in Fig. 9a (with the relative permittivity of PLA neglected). In comparison to A1, the EPC is divided by a factor of 2.9 and 3.7 for A2 and A3 respectively, which is translated by a shift of the resonant frequency of respectively 1.7 and 1.9 to the right as seen in Fig. 10b. Meanwhile the dead volume (volume of the cylinder taken by the core and its windings) of each component has been increased by 37% and 54% for A2 and A3 respectively. As expected the EPC is almost inversely proportional to the distance between turns and core. So a small increase in s tc decreases significantly the EPC with a reasonable penalty on the volume, which makes it an interesting way to improve the high-frequency behaviour of CM chokes. The model gives the correct order of magnitude and evolution of EPC with turn-core distance, but the relative error for the nominal case is between -36% and -28%.

In addition the min-max range is reduced around the nominal case for A2 and A3 in comparison to A1. It seems likely that the hypotheses used in the model underestimates the value of the EPC for and that their impact is smaller for loose winding. w QRPLQDO>PP@ 
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Conclusion

The proposed model gives a satisfactory estimation of the EPC of inductors made with ring core of nano-crystalline material. The use of 2D FEM allows quick computation of the inter-turn and turn-core parasitic capacitances and the modelling of loose windings and coatings. The increase of the EPC with the number of turns for a given core is correctly predicted by the model. According to this model the main part of the EPC is due to the turn-core parasitic capacitance. This is why a device has been realized to move away the turns from the core and thus to decrease the EPC. The results shows that a small increase of the turn-core distance is enough to significantly reduce the EPC. The perspectives of this work are first proper uncertainties propagation to help in the refinement of the modelling hypotheses and to increase the accuracy of the model, second the optimization of the spacers with application constraints, and finally the extension of the model to the more frequently used ferrite materials. The use of this model for the sizing of common mode chokes would improve their high frequency effectiveness for filtering applications.
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 1 Fig. 1: Common mode inductor and its equivalent circuits: (a) CM inductor top view, (b) two phases equivalent circuit, (c) single-phase equivalent circuit.

Fig. 2 :

 2 Fig. 2: Description of the geometry of the component: (a) transversal cut, (b) angular cut A:A along one turn, (c) close-up of the transverse centre cut of each face i.

Fig. 3 :

 3 Fig. 3: Capacitive network of one winding: (a) elementary parasitic capacitances, (b) network of parasitic capacitances, (c) an example of the potential distribution along a winding of 5 turns.

Fig. 4 :

 4 Fig. 4: Characterization of the core coating: (a) cross section of the ring core equipped with copper tape probes V + and V -; (b) equivalent circuit of the measured impedance ; (c) close-up of the top coating thickness.

Fig. 5 :

 5 Fig. 5: Simplification of the geometry for 2D simulation: (a) Cross section of the core with one turn, (b) straight geometry resulting from the assumptions performed on the coating, and on the curvature of the turns, (c) close-up on the half-face i and the parabolic turn.

Fig. 6 :

 6 Fig. 6: Compensation of the insulation layer of the wire: (a) transversal cut in the vicinity of a turn, (b) close-up and equivalent capacitance network, (c) close-up of the compensated radius of the wire.

Fig. 7 :

 7 Fig. 7: Simulation of the parasitic capacitances between a pair of turns: (a) determination of C tci with the energy E a ; (b) determination of C tti knowing C tci and the energy E b ; (c) evolution of C tti ,C tci in function of s tti , s tci with d w = 0.56 mm.
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 89 Fig. 8: Comparison of the measurements and the model of EPC w

Fig. 10 :

 10 Fig. 10: Comparison of the measurements and the model of EPC with different turn-core distances

Table I (

 I A1 is the current geometry, A2 and A3 are presented in the following section).

		A1 x nom A1 ∆x	A2 x nom A2 ∆x	A3 x nom A3 ∆x
	R c	15.14	0.04	15.14	0.07	15.11	0.05
	h c	11.62	0.04	11.58	0.02	11.67	0.03
	w c	5.39	0.07	5.39	0.05	5.36	0.04
	R b	16.20	0.11	17.03	0.12	17.67	0.14
	r b	8.95	0.05	7.38	0.13	7.18	0.04
	h b	12.85	0.07	14.70	0.25	16.46	0.08
	w b	8.06	0.25	9.98	0.19	10.42	0.23
	β [ • ] 110 for N=28		144 for N=29		136 for N=29	

Table I :

 I Measured variables of the components of A series, in [mm] unless specified otherwise
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