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Pre-sizing of DC-DC Buck converter for the automotive domain

This paper presents an approach to pre-size a DC-DC Buck converter. This approach can be carried out in two main steps. The first step consists on determining the most adapted architecture to answer the specifications and the appropriate technologies of the passive and the active components of the selected architecture by considering major constraints (volume, cost...). The technology choice is carried out using models developed from manufacturer datasheets. The second step consists on optimizing the selected architecture by considering the appropriate technologies resulting from the first step under multi-physic constraints: thermal, losses (or efficiency), volume, EMC …. The proposed approach allows reducing significantly the computing time which is suitable in a pre-sizing phase where several parameters must be optimized and multi-physic constraints must be respected.

Introduction

In the automotive domain more and more static converters are currently used in different applications (electric windows, electric clutch actuator, intelligent power closer systems, robotized gearbox…) [START_REF] Kassakian | Automotive electrical system, the power electronics market the future[END_REF], [START_REF] Juchem | Complete automotive electrical system design[END_REF], [START_REF] Emadi | Constant power loads and negative impedance instability in automotive systems[END_REF]. The electric, thermal, mechanical, volume, control and cost constraints, imposed by the manufacturers to theses converters require a design approach under multi-physic constraints to take into account the different aspects impacting the good operation and integration of these converters in their real environment.

In these last years, several research tasks are focused on the design of power converters using different methods [START_REF] Larouci | Optimisation under constraints of a Forward converter[END_REF], [START_REF] Helali | Power converter's optimisation and design[END_REF], [START_REF] Busquets-Monge | Power converter design optimization[END_REF]. Generally, for theses methods the design is applied to an architecture and component technologies well defined before starting the design thanks to the designer experience. However in a pre-sizing approach, the converter architecture and its component technologies are not well known in advance. In this context, this paper proposes a global pre-sizing approach including a step to formalize the converter architecture and component technology choices. In addition, the presizing is carried out by optimization under multiphysics constraints which is very suitable for automotive applications where several constraints must be considered and standards are increasingly severe.

Firstly, the proposed approach will be presented. The two steps will be explained and motivated. Specific models will be presented for each step of the proposed pre-sizing method. Then, this approach will be applied to pre-size a 42V/14V DC-DC power converter for the automotive domain. Finally, the pre-sizing results will be given.

The proposed pre-sizing approach

The proposed pre-sizing approach can be carried out into two main steps (figure 1). 

Modelling

In order to carry out a compromise between the computation time and the accuracy during a presizing approach, analytical modeling is adopted. For each step, analytical models are developed to take into account different pre-sizing aspects (volume, losses, thermal, EMC, control…). The technology choices of passive and active components depend on physical parameters (switching frequency, capacitances, inductances, maximal voltage values, maximal and RMS current values, overall temperature…). In this case, models are developed to determine the technology choices as a function of theses parameters and by considering a major constraint (like the volume).

Modeling related to the first step Capacitor technology choice by considering the volume as a major constraint

The figure 3 shows the variations of the specific energy (energy/volume) of a capacitor as a function of its voltage and the ratio (RMS current /Capacitance). In this case, four technologies are considered (film, ceramic, tantalum and electrolytic aluminium). The voltage range is [10V, 100V]. Note that the voltage level is limited to 100V to consider low voltage in automotive applications. For a given voltage, the specific energy can be estimated by the following formula:
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Irms is the RMS value of the current in the capacitor, C is the capacitance, W max is the maximal storage energy in the capacitor. k1 and k2 are coefficients which depend on the capacitor technology.

The volume of a capacitor is given for the different technologies by checking the availability of the capacitance value and the RMS current through the capacitor using a database. For a given voltage, if the value of capacitance is not available in the database, it is carried out by the parallelization of an elementary capacitance available in the database.

Inductor technology choice by considering the volume as a major constraint

The figure 5 shows the variations of the specific energy (energy/volume) of an inductor as a function of its peak flux density for the considered technologies (Ferrite, iron powder, MPP, High Flux and Kool Mµ) and the corresponding cores (E core, Toroid core). The analytical model used is providing by the following formula:
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K1 coefficient depending on the inductor technology (magnetic material and its magnetic core), B max is the peak flux density and A Leq is the characteristic inductance. For a given B max , the volume of the magnetic component is estimated for each technology for different sizes of cores magnetic and different material magnetic. In our case (low voltage applications), the technologies considered for the active components are Mosfets and Schottcky diodes. The choice of a switch technology depends on the switching frequency and the power density. Firstly, the switching and conduction losses are calculated in the switches for the various references available in the database by considering a maximum junction temperature value T jmax . Secondly, the heat sink thermal resistance is calculated and consequently the volume of the heat sink is estimated. Then, the combination "Mosfet & Diode" presenting the minimal volume that is selected.

The volume of a heat sink can be estimated versus the thermal resistance of the heat sink by the following formula:
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Modelling related to the second step (optimization under constraints) Volume models

The volume of an inductor (of value L) can be evaluated using the following equation:
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ILmax and ILrms are respectively the maximal and the RMS current values in the inductor. Jmax is the current density. Kb is a geometrical coefficient; it depends on the winding section, the insulation of conductors and their section. Kv is a geometrical coefficient witch characterises the shape of the magnetic circuit. From the manufacturer data, the heat sink volume can be approximated with analytical formulas as a function of the thermal resistance of the heat sink "formula (3)".

Loss models

An analytical model is used to evaluate conduction and switching semiconductor losses [START_REF] Larouci | Optimization of a 42V/14V dc-dc Converter For Vehicular Electrical Network[END_REF]. To evaluate the copper losses in magnetic components the model presented in [START_REF] Larouci | Copper losses of Flyback transformer[END_REF] is used. This model takes into account the proximity effect, the skin losses and the air-gap losses.

Moreover, a core loss model of a magnetic component is developed by generalisation of the Steinmetz equation [START_REF] Larouci | Experimental evaluation of the core losses in the magnetic components used in PFC converters[END_REF], [START_REF] Ch | On the law of hysteresis[END_REF].
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Fs is the switching frequency, B max is the peak flux density, ∆B is the induction ripple K1, n1, n2 and n3 depend on the magnetic circuit material, the temperature and the switching frequency range. Theses coefficients can be identified by simulation and measures [START_REF] Larouci | Experimental evaluation of the core losses in the magnetic components used in PFC converters[END_REF]. Figure 6 shows a specific test bench carried out to identify the previous coefficients for a ferrite material 3F3 at an operating temperature of 100 o C. Thanks to the measurements results in continuous conduction (figure 5) an analytical formulas is developed to evaluate the core losses in this material: P core in mW/cm3, Fs in kHz, Bm and ∆B in T.

Fig. 6. Core loss measurement test bench

Thermal models

Semiconductor:

The semiconductor junction temperature Tj can be estimated versus the overall temperature (Ta), the thermal resistances (junction-base: Rth_j_b, baseheat sink: Rth_b_hs, heat sink-air: Rth_hs_a) and the semiconductor losses Psc [START_REF] Helali | Power converter's optimisation and design[END_REF].
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Magnetic components:

The core losses (P_core) and the copper losses (P_copper) dissipated in a magnetic component are considered as two heating sources for the thermal model as shows it figure 7 T w T a Tmc 

Pre-sizing results

From the specifications, the first step of the pre-sizing approach proposes synchronal Buck DC-DC architecture (figure 8). The estimated volume of capacitors in the first step is 0.11 litres compared to that in the second step, which is 0.14 litres. This is because in the second step, the more constraints (EMC, efficiency…) are considered.

As results, all the imposed constraints are respected. Moreover, a quickly estimation of the capacitor volume is realized in the first step by considering the constraints related to the ripple voltage. The total volume is refined in the second step using optimization and by considering additional constraints (thermal, efficiency and EMC).

Conclusion

A pre-sizing approach of DC-DC Buck converter is presented in this paper. First, this approach proposes an adapted architecture to answer the specifications and appropriate technologies of the passive and the active components of the determined architecture by considering a major constraint. Then it optimises the selected architecture by considering the proposed technologies under multi-physic constraints: volume, Input filter inductance (µH) 349.5

Input filter capacitance (mF)

4.55

Output filter inductance (µH) 1

Output filter capacitance (mF) 10

Inductance L(µH) 34.2

Switching frequency Fs(kHz) 20

Heat sink thermal resistance (°C/W) 3.5

Total volume (Liter) 0.68 thermal, efficiency and EMC. To do that, the models allowing to choose the component technologies are developed from the manufacturer datasheets. To take into account the multi-physic constraints analytical models are developed and validated by simulation and measurements. The pre-sizing results showed that specifications have been respected which validate the proposed approach.
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 7 Fig. 7. Thermal model off an inductorThe thermal resistances Rth_w_a, Rth_mc_a and Rth_w_mc represent, respectively, the thermal exchange winding-air, magnetic circuit-air and winding-magnetic circuit. The winding temperature Tw and the magnetic circuit temperature Tmc express as follows:
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 910 Fig.9. The EMC disturbances after optimization

  table.1:

		Capacitance	
		Value	
	Parameters	(mF) @ ≥ 5% of the	Volume (Liter)
		voltage	
		ripple	
	Input filter capacitance	4.7	1.07e-01
	Output filter capacitance	2.2	8.36e-03
	Total volume of the capacitors	1.15e-01
	Table.1. the main pre-sizing results obtained at the
	end of the first step.		
	The results of the second step are giving in the
	table.2:		
	Table.2. the main pre-sizing results obtained at the
	end of the second step.		
	The figures 9 and 10 show the obtained EMC
	disturbances after optimization and the volume
	distribution. Note that the EMC constraint is
	respected and the capacitors volume represents 21%
	of the total volume (0.14 liter)