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Abstract— One of the major goals in designing of the integrated EMI filters is to improve their high-frequency characteristics. To achieve this, special technologies need to be developed, including the mechanisms for suppression of the equivalent parallel capacitance (EPC) and of the equivalent series inductance (ESL), in spite of increasing the high-frequency losses. In this light, the paper studies the evaluation effectiveness of the EPC-reducing technologies. There are calculated the EPC of the four single winding structures and of the coupled windings. Final conclusions will end the paper.
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I. Introduction
The main component of an EMI filter is the low pass filter; therefore, in order to develop the integrated low pass filter, the integrated L-C structure must be carefully studied and modelled.

The planar integrated L-C structure consists of alternating layers of conductors, dielectrics, insulation and ferrite materials that produce an integrated structure with similar terminal characteristics as the lumped components. The exploded view of an integrated L-C structure was shown in Figure 1. The integrated L-C winding consists of a dielectric substrate with conductor windings directly deposited on both sides, thus resulting in a structure having both sufficient inductance and capacitance. This realizes the equivalent integrated capacitance as well as the inductance. By appropriately terminating the four terminals A, B, C and D of the integrated L-C winding, the same structure could be configured as equivalent L-C series resonator, parallel resonator or low pass filter. To integrate the EMI filter, the L-C low pass filter configuration is used, where AD is the input port and CD is the output.
[image: image1.emf]
Fig. 1.   The integrated L-C structure
The existing integrated L-C technologies and design methodologies were mostly developed for high-frequency power passive components integration in order to achieve high efficiency and high power density. Since functions and requirements are different for passive components in EMI filters, special technologies need to be developed for EMI filter integration.
II. FEA Simulation Evaluation 
To evaluate the effectiveness of the EPC-reducing technologies, the EPC of the four single winding structures shown in Figure 2 (a-d) are calculated by using the Ansoft Maxwell Field Solver. Each figure in Figure 2 (a-d) is the cross-section view of a half winding window of the ferrite cores. The dark rectangles are the cross-sections of spiral winding conductor. All the conductors have the same dimensions, which are 1.2 x 0.3 mm. The relative permittivity of the materials used in the simulation is given in Table I.
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(a) original structure
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(b) increased insulation thickness
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(c) „air spacer”
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(d) staggered winding

Fig. 2.   FEA Simulation models of different winding structures
TABLE I

MATERIAL PROPERTIES USED IN THE SIMULATION

	Materials
	Ferrite
	Air
	Copper
	Kapton
	Ceramic

	εr
	12
	1
	1
	3.6
	84


The structure shown in Figure 2.a is the original structure, which has two winding layers and six turns per layer. The first winding layer is an integrated L-C winding, consisting of a thin copper winding, a ceramic layer and a thick copper winding. The second winding layer is a normal copper-foil winding. The thickness of the insulation kapton between winding layers is 0.1 mm. The structure shown in Figure 2.b is similar to that of Figure 2.a, except the insulation kapton thickness is increased to 0.5 mm. The structure shown in Figure 2.c replaces kapton in Figure 2.b with air. The structure shown in Figure 2.d is the staggered winding structure. To achieve non-overlapping windings, the total number of winding layers is increased to four and the number of turns per layer is reduced to three, accordingly.
Assuming a linear voltage distribution along the winding length, the equivalent capacitance is calculated based on equation 
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, where WE is the stored electric field energy and V is the winding terminal voltage. The calculation results are given in Table II. It is evident that the EPC of the proposed staggered winding structure in Figure 2.d is more than 9 times smaller than that of the original structure shown in Figure 2.a.
TABLE II

CALCULATED EPCS OF FOUR STRUCTURES

	Structure
	(A)
	(B)
	(C)
	(D)

	EPC(pF)
	93.6
	23.8
	10.3
	10.7


III. EPC of Coupled Windings
The calculated capacitance in Table II is the EPC of a single winding. For Common Mode (CM) chokes, there are two magnetically-coupled windings; hence the total equivalent structural winding capacitance will be increased. The equivalent circuit of two coupled windings with winding capacitance is shown in Figure 3. Under common mode excitation, the equivalent circuit can be simplified to Figure 4. 
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Fig. 3.   EPC of two coupled windings
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Fig. 4.   Simplified circuit under CM excitation
The equivalent winding capacitance of the coupled windings is:
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where C1 and C2 are the winding capacitances of each winding, and C3 is the structural capacitance between windings. So the EPC of the CM choke is at least the sum of the EPCs of each winding. The FEA simulation model of a planar CM choke is shown in Figure 5, with a staggered winding structure for each winding. The calculated EPC under CM excitation is 20.1 pF.
[image: image10.emf]
Fig. 5.   Two staggered windings not interleaved
To reduce the increased EPC caused by magnetic coupling, the two windings of CM chokes can be interleaved. Under common mode excitation, the two interleaved windings can be regarded as a single winding from an electrostatic point of view. Hence the total equivalent winding capacitance will be equal to the structural capacitance of a single winding. Figure 6 shows a structure in which the staggered and interleaved winding techniques are combined. 
[image: image11.emf]
Fig. 6.   Staggered and interleaved windings
With the same material and geometry parameters, the calculated equivalent winding capacitance is only 8 pF.
IV. Conclusions 
The paper proposes several techniques for reducing the EPC of the integrated EMI filters. The numerical simulations performed and detailed in the final paper will prove the effectiveness of the suggested solutions. 
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