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I. INTRODUCTION

The magnetic core of medium frequency transformers used in high power converters is often assembled using the ferrite I-core elements. The number N of I-core elements arranged in series along the magnetic path creates N air gaps. It has to be mentioned, that due to manufacturing tolerances, the I-core is not an ideal rectangular cuboid what causes the non-uniform air gaps. Such a multi air gap construction (MAG) of the core has an essential influence on the magnetizing current and the core losses [START_REF] Albach | The influence of air gap size and winding position on the proximity losses in high frequency transformers[END_REF][START_REF] Nakahara | Analysis of hysteresis and eddy-current losses for a medium-frequency transformer in an isolated DC-DC converter[END_REF][START_REF] Roshen | Fringing Field Formulas and Winding Loss Due to an Air Gap[END_REF]. The data available in the material datasheet may not be complete enough for the exact calculation of the magnetizing current and the core losses. The state of the art shows a relatively low quantity of publications on the experimental investigations of the influence of air gap size in MAG transformers [START_REF] Albach | The influence of air gap size and winding position on the proximity losses in high frequency transformers[END_REF][START_REF] Nakahara | Analysis of hysteresis and eddy-current losses for a medium-frequency transformer in an isolated DC-DC converter[END_REF][START_REF] Roshen | Fringing Field Formulas and Winding Loss Due to an Air Gap[END_REF][START_REF] Ruangsinchaiwanich | Investigation of transformer performance by the finite element method[END_REF][START_REF] Sawada | Effects of gap between iron cores on electrical characteristics of transformer using 3-D finite element analysis[END_REF].

The main objective of this paper is to analyse the magnetizing current and the core losses at three different air gap sizes in the MAG transformer as a function of supply voltage and frequency. To perform the experimental research a special MAG single phase core type transformer was built (Fig. 1). In addition, the magnetizing current and the core losses were also analysed as a function of voltage frequency at several constant average induction in the core. The construction of this transformer was not optimized with respect to power/volume ratio. The construction was focused on facilitate the setting of the air gap size.

II. EXPERIMENTAL SETUP

A. Construction data of the tested transformer

The essential ratings and the construction data of the tested transformer are given in Table I. The mechanical integrity of the core is ensured by a set of cable ties. It enables an easy modification of air gap size in a non-destructive manner and keeping the same arrangement of the I-cores. The tested transformer has 4 air gaps along the magnetic path. The natural air gap thickness is 0<δ n <50 μm. The I-cores were selected in order to result with the smallest air gap thickness. The thickness of the air gap is adjusted by two symmetrical diamagnetic spacers placed between the yoke and columns of the transformer (Fig. 2). 

B. Measurement instrumentations

A special test bench was prepared for measuring the magnetizing current and power losses of a medium frequency transformer (Fig. 3). The parameters of the supply voltage are set in the signal generator (Tektronix AFG3011) and then amplified. Measurements of voltages, currents and power are made by a high-performance power analyzer ZEZ LMG670. The accuracy of power measurements is guaranteed by the delay time between voltage and current input lower than 3 ns. The transformer was supplied by sinusoidal voltages with a frequency in the range from 10 kHz to 50 kHz and amplitude up to 100 V. In order to perform measurements with invariable average induction in the core, a constant U/f ration of supply voltage was kept. Measurements were performed at a voltage less than the rated voltage to obtain a high magnetic permeability in the transformer core. As a result, the magnetomotive force (MMF) in the air gap are relatively large and have a significant impact on the analyzed values.

III. ANALYSIS OF EXPERIMENTAL RESULTS

At Fig. 4 the transformer no-load power losses as a function of a supply voltage frequency is presented. The constant U/f ratio was maintained in order to keep invariable average induction in the transformer core. The measurements for the natural air gap are marked as D0, for the air gap increased by 100 m as D1 and by 200 m as D2. Due to the low magnetization current and the type of used wire, the losses in the transformer winding is negligibly small. Magnetization currents of the transformer as a function of frequency is presented in Fig. 5. The measurements were made under the same conditions as above. 

IV. CONCLUSIONS

The core losses in the transformer increase with increasing frequency, supply voltage and induction in the core (Fig. 4). These characteristics will be used to develop proper material coefficient for power losses calculation of MAG transformers. Analyzing the results of measurements at the same frequency and induction in the core, it can be noticed that the power losses decreases with the increase of the air gap. The maximum difference is about 20%, and the tendency is noticeable at all induction values in the core. This phenomenon will be subject to further finite element analysis.

A higher value of the magnetizing current is required both when the induction increases and when the air gap increases (Fig. 5). With a constant flux density and unchanged air gap, the value of the magnetizing current does not depend on the frequency.

The measurements results will be used to verify the finite element model of the MAG transformer [START_REF] Ruangsinchaiwanich | Investigation of transformer performance by the finite element method[END_REF]. Experimental results will be used also to validate circuit model of MAG implemented in power converters.
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 1 Fig.1. A multi air gap single phase core type transformer
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 1 Fig.1. The arrangement of spacers for adjusting the thickness of MAG air gap
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 3 Fig.3. The test bench for measuring the magnetization current and power losses of MAG transformer
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 4 Fig.4. Transformer no-load power losses as a function of a supply voltage frequency at different induction values (constant U/f ratio) and various air gaps (D0, D1, D2)
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 5 Fig.5. Transformer magnetization current as a function of a supply voltage frequency at different induction values (constant U/f ratio) and various air gaps (D0, D1, D2)