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Recently, module-integrated converter (MIC) research has shown interest in small-scale photovoltaic (PV)
generation. The converter is capable of efficient power generation. In this system, the high frequency
transformer should be made compact, and demonstrate high efficiency characteristics. This paper presents a
core structure optimization procedure to improve the efficiency of a high frequency transformer of compact
size. The converter circuit is considered in the finite element analysis (FEA) model, in order to obtain an
accurate FEA result. The results are verified by the testing of prototypes.
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1. Introduction

Recently, module-integrated converter research has shown
interest in small-scale photovoltaic generation systems.
The converter is capable of more efficient output power
control of each PV module, and offers installation con-
venience, compared with a centralized converter [1-4].
The MIC is attached to the backside of the PV module.
Generally, the height of the MIC should be under 20 mm,
to be placed within the PV module package.

In the module-integrated converter, the largest and
tallest component is the high frequency transformer. This
is also the most important component to decide the power
conversion efficiency of the system, because of the high
operating frequency [4-7]. In order to reduce the size and
to improve the efficiency of the MIC, the high frequency
transformer should be made compact, and demonstrate
high efficiency characteristics.

In general studies, transformer design is done by using
the approximated sinusoidal or square waveform voltage
and current, for the convenience of analysis. Therefore,
accurate analysis considering the real operation characteri-
stics of a converter circuit is difficult [8-10].

In this paper, a core structure optimization procedure is
studied, to improve the efficiency of a high frequency

©The Korean Magnetics Society. All rights reserved.
*Corresponding author: Tel: +82-55-249-2628
Fax: +82-505-999-2161, e-mail: tujung@kyungnam.ac.kr

transformer of compact size. This procedure is based on
the relationship between the window area, and the effec-
tive cross-sectional area of the core. The minimum window
area of the core is determined by the current density in
the windings, and the effective cross-sectional area is
decided by the flux density in the core.

In addition, the model of a high frequency transformer
is proposed for more accurate analysis, by considering the
converter circuit.

2. Initial Design and Analysis

2.1. Required specifications of the transformer

Due to the low input voltage from the PV module, a
tapped-inductor boost converter is applied to operate at a
higher step-up conversion ratio, compared with the
flyback converter. Fig. 1 shows the switching operation

(—b) Q1=0ff

Fig. 1. Operational diagram of the converter.

© 2014 Journal of Magnetics



-296 -

Table 1. Required Specifications of the transformer.

Parameter Value
DC input voltage, V;, [V] 30
Rated output voltage (rms) [V] 310
Rated output power (rms) [W] 120
Rated operating frequency, f, [kHz] 100
Turn ratio [N1:N2] 1:5
Inductance of Primary winding [zH] 15
Height [mm] <15
Efficiency [%] >95

modes of the converter. The required specifications of the
transformer are summarized in Table 1.

2.2. Initial core structure design

The initial core structure is based on an RM type core,
which has the advantage that it can be highly integrated
into the printed circuit board (PCB). In order to select the
smallest standard core, the minimum window area (W)
and the effective cross-sectional area of the core (4.) are
calculated.

The total conduction area of the winding (4,,) is deter-
mined by the maximum current density (J,..), and the
number of turns in each winding, from Eq. (1). Generally,
the range of the maximum current density is 4-5 A/mm?>.
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The minimum window area is calculated from Eq. (2).
The window area should consider the size of the insulator
among the windings and the core, through the utilization
factor (k,). The utilization factor of the window area
depends on the voltage difference between the primary
and secondary winding.
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From Eq. (3), the maximum flux density of the core
(B, 1s calculated by the maximum current (/,,,,), instead
of the non-linear voltage waveform. The B, should be
lower than the saturation flux density of the core material
(Bsar), by sizing the A..

The selected smallest standard core structure and the B-
H curve of the core material are shown in Fig. 2.
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2.3. FEA modeling and analysis result

In order to analyze the operating characteristics of the
initial model, a FEA model is proposed, as shown in Fig.
3. The time step interval is given as the greatest common
measure of the turn-on and turn-off time, to obtain the
current waveform of each winding with high accuracy.
The result of the analysis is compared with the measure-
ment result of the initial model, to check the accuracy of
the model. The analysis result is nearly similar to the
measurement result, as shown in Fig. 4.

The results are displayed in Table 2. The portion of
copper loss is very much larger than the core loss, because
the inductance of the winding is less than required.

In addition, the core is partly saturated, as shown in Fig.
5. In order to improve the efficiency and to reduce the
size of core, design improvement to minimize the copper
loss should be made.

Primary winding

Fig. 3. (Color online) Analysis model of the transformer.
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Fig. 2. (a) Half structure of the standard core, and (b) B-H curve of the core.
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Fig. 4. (Color online) Comparison of the analysis and measurement results.

Table 2. Loss analysis result of the initial model.
Pi, Pou Pair Pao
(Wl [W] Wl [W]

1352 1208 6.5 4.6

Efficiency
[70]
89.4

Pcore

(W]
3.08

Model

Initial

3. Core Structure Optimization

3.1. Optimization procedure

The loss characteristics between the core and the copper
loss at different frequencies in the high frequency trans-
former are shown in Fig. 6. In this figure, (a) and (c)
indicate the optimum flux density at each frequency, and
(b) indicates the saturation flux density of the core material.

The total loss of the transformer (P.) is minimized,
when the copper loss (P.,) is approximately equal to the
core loss (P.oe), regardless of the operating frequency [2].

In this study, the optimization procedure is based on the
correlation characteristics between the core and copper
loss, as shown in Fig. 7. In this procedure, the window
area is the major factor for optimization, instead of the
flux density.

Due to the reduced height of the core, the height of the
window area should be less than the initial value, to pre-
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Fig. 6. (Color online) Core, copper and total losses at different
frequencies.

vent saturation of the core.

An optimal inductance calculation step is added, to
prevent saturation of the primary winding. The air-gap
length of core is determined by the center leg area, and
the optimal inductance of the primary winding. The com-
ponent ratio of loss is analyzed by using the proposed
analysis model.
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Fig. 5. (Color online) Flux density distribution and winding current waveform of the initial model.
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Fig. 7. Parametric 3D CAD model and the design optimization procedure.
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Fig. 8. (Color online) Comparison of the flux density distribution and current in the primary winding,.

Table 3. Comparison of the loss analysis result.
P in P out P core P cu-1 P cu-2 EfﬁCieIle
Model
(W] (W] (W] (Wl [W] [%0]
Initial 1352 1208  3.08 6.5 4.6 89.4 i
Final 1282 1219 327 1.6 14 95.1

(a) Initial model

(b) Final model

3.2. Optimization result

Figure 8 shows the final core structure model and the
flux density distribution and current in the primary wind-
ing. In this result, the local saturation point is removed,
and the primary winding is not saturated in the final
model. The efficiency at the rated power is improved
about 6%, as shown in Table 3.

Figures 9 and 10 show the prototypes and the efficiency Fig. 9. (Color online) Test prototypes.
test result according to the output power, respectively. In
the final model, the overall efficiency is improved, and copper loss. In addition, the overall volume of the core is
the rating efficiency is largely improved by reducing the reduced by about 13%.
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Fig. 10. (Color online) Efficiency comparison, according to
the output variation.

4. Conclusion

This paper presents a core structure design procedure to
improve the efficiency, and to reduce the size of the core.
The design procedure is based on the correlation charac-
teristics between the core and the copper loss. The optimum
core structure is determined by the component ratio of
losses. An analysis model is proposed, in order to obtain
an analysis result of high accuracy. The operation of the
converter is realized by the external circuit of the FEA,
and is verified by testing the prototypes. The proposed
analysis model and design procedure of the transformer
can be applied to any kind of transformer, regardless of
the operating frequency. Using the proposed method, the
core volume is reduced by about 13%, and the efficiency
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is improved by about 6%.
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