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1. INTRODUCTION

In near future, power converters will be largehedisn automotive domain. A good integration of
these converters within vehicles needs to take amoount multi-physic constraints during their desi
(thermal, efficiency, volume, cost, electromagnetienpatibility (EMC) ...).

In this way, research activities have been devdtediesign power converters using different
approaches [1]-[9]. Most of these studies are fedusn the design of defined converter architectiia@ks
to the designer experience. Moreover, the contrpilgameters calculation is carried out after theverter
design so that the control aspect is decoupled fhenother constraints.

Furthermore, some works have been interested tcsphee placement of power components to
cheek thermal and electromagnetic compatibility BNbut just before the converter prototyping [1Q]L].

In order to help the designer to select appropaatitecture and technologies and to remove risks
on the 3D converter components placement earlyndutiie development phases of static converters, a
dedicated pre-sizing approach carried out in theeels was developed [12].

The first level helps the designer to select eaaity architecture and appropriate component
technologies from specifications. Moreover, it aioestimating a major criterion (volume in our Qase
according to the selected technologies. The adiite choice is determined by an automated proeedur
according to specifications.

At the end of this first level, the designer camrgaut a quick analysis about the feasibility bét
application, refine the proposed choices or mosifgcifications.
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In the second level, a mono-objective optimizatimaler multi-physic constraints is carried out by
considering the architecture and the componentntdoljies selected in the first level. At the endtlif
level, optimized parameters allowing minimizing tlodjective function and respecting the imposed
constraints are determined.

The third level consists on optimizing the spaccement of the selected power components on a
heat sink in order to remove the risk on the 3[@dnation of these components under thermal constrai
(semiconductors junction temperature). This stepb&sed on a coupling between an optimization
environment (Matlab/SimulinkTM) and a finite elemeimulation environment (ComsolTM multi-physics).
At the end of this level the optimized placementhaf converter components is determined and thesihda
volume and the semiconductors junction temperataresietermined with high accuracy.

In this current paper we propose to focus on tlcerse level to improve the optimization procedure
and to explore the influence of the control aspech conventional design. In this context, a moitjiective
optimization approach is proposed considering thgtrol constraint with the same importance as babit
design aspects (volume, thermal, efficiency, EMC).

Preselected converter architecture and considgredfeations are first presented. Then, analytical
models are developed to take into account elettrieficiency, thermal, EMC, control and volume
constraints. Finally, the main results of the prgmb approach are presented and the impact of titeoto
aspect is discussed.

2. RESEARCH METHOD
To illustrate the proposed approach, a DC-DC bumkverter with input filter is preselected as a
support of study (Figure 1).
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Figure 1. DC-DC Buck converter with an EMC inp Uttefi

The main considered specifications are the follgwin
- DC input network voltage: 42V
- DC output network voltage: 14V
- Output power: 1kW
- Thermal constraint: junction temperatsr@3¢°C
- Overall temperature 3G
- Efficiency constraint> 80%
- Respect an EMC standard
- Electrical constraints : input and output voltage aurrent ripples: 10% of the average values
- Objectives to be minimized: the total volume ang ¢bnverter time response
In this design approach, a multi-objective optirtima (volume and time response) under electrical,
thermal, efficiency and EMC constraints is carr@d. In order to perform this optimization, multiysic
models are developed to consider multi-physic cairgs. Analytical modeling is adopted to carry out
compromise between the computing time and the rsazteluracy [13], [14].

2.1. Electrical constraints models

Considered electrical constraints are input anguiutapacitors voltage ripples and input and output
inductors current ripples. The calculation of thepples depends on the converter architecturthdrcase of
a DC-DC buck converter (Figure 1) they can be dated as follows [12]:

e Output AV¢) and input AV ;) capacitors voltage ripples:

a(1-a) U, ()
AV. =~~~ ¢
C 8-L-C-F?
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lra-(1-a) )

AVe, =

e Output Al) and input Al ¢) inductors current ripples :

a-(1—- a) U, ()
AIL——L_FS

I,bra-(1—- « 4

p o=@ @
f 8 Lf'Cf'FS

Where:

U, : the input voltage.

I, : the mean value of the output current.

a : the duty cycle.

Fs : the switching frequency.

L and C: the buck inductance and capacitance.

L; and G : the inductance and the capacitance of the ifipert.

2.2. Efficiency constraint models
The efficiency model (5) considers the convertgpoupower (Po) and the total losses dissipated in
passive and active components (sum of capacitduchor and semi-conductor losses).

Po (5)

efficiency = 557 Ssses
o

Capacitor losses:
The losses (P.) in a capacitor can be calculated using the following simplified model:

Po=R¢- I rms2 (6)
Where R. is the equivalent series resistance and I.rms the capacitor RMS current.

Inductor losses:
The losses in an inductor are due to copper and core losses.
The core losses evaluation is based on a generalized Steinmetz core loss model (7) [14].

Peore = Cp " F* - BY 7

P.ore the core losses

Fs the operating switching frequency.

B the operating flux density.

Cm X and y are coefficients depending on the magratcuit material technology, the operating
frequency range and the operating temperature.eTbesfficients are identified from manufactureratal
sheets at the operating temperature®’€00

Moreover, to evaluate the copper losses the foligwnodel is used (8):

PCappe‘r =Rp- Iers2 (8)

R, and ILrms are the inductor resistance and RMSeodurr
Note that this model takes into account the skiectby considering an ‘ac’ Resistance [15].

Semi-conductor |osses:
Conduction and switching losses in a MOSFET and 8chottky diode are calculated considering
perfect current and voltage wiveformes as follows:

MOSFET :
Pconduction(Tj) = R, (T]) ' ISrms2 ©)

Impact of control constraint on a multi-objectived converter design (Cherif Larouci)




2600 ISSN: 2088-8694

1 (10)
Pswitching = E ! Vsmax ! lsmax ! (Ton + Toff) - Fs

Rs, is the switch dynamic resistance in the conducttete which depends on its junction
temperature.

ISms 1Smax @and V..« are, respectively, the RMS current, the maximumresu and the maximum
voltage applied to the switch.

Tonand T are the switching times.

Diode:
Pconduction(Tj) = Rdon ' Idrmsz +Vy (T]) ' ldm (11)

Rd,, is the diode dynamic resistance.

V4 is the diode voltage drop which depends on thdedjanction temperature.
Id;ms and Iq, are the RMS and the mean diode currents.

Note that the switching losses in the Schottky diatk obviously neglected.

2.3. Thermal constraint models

The switch and diode junction temperaturess(&nd T p) can be estimated according to the
modeling presented in Figure 2 considering a sihglat sink. In this modeling, the switch and ditukses
(Ps and R) are considered as heating sources and the thersmmhhnges between a semiconductor junction
and its base, between the base and the heat dinfiedaween the heat sink and the environment arestadd
by thermal resistances (junction-base:;R¢and Rth, p, base-heat sink: Rihs and Rth, p, heat sink—air:

Rtha).

Pe Pp
Ts Tip

Rthyy o Rthjy, p
Rthy, Rthy p
Rthy,
T,

Figure 2. Electrical equivalent circuit for electiteermal modeling of switch, diode and heat sink

Knowing the overall temperature Ta, the switch dimdle junction temperatures are calculated from
(12) and (13) respectively.

Tjo=T, + (Rthjps + Rthy,s ) - Ps(r;) + Rth,, - [Ps(r,-s) + PD(TjS)] (12)

Ty p = Ta + (Rthipp + Rthyrp ) - Py(r ) + Rthya * [Psry + Pogry] (13)

2.4. EMC constraint model

The EMC model is developed supposing that EMC distoices can be decomposed into a
differential mode and a common mode (Figure 3).mFequivalent diagrams in each EMC mode, EMC
disturbances can be analytically estimated [14].[1
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Figure 3. DM and CM EMC disturbances

The main parameters of this EMC model are the $wite frequency, the inductance and the
capacitance of the input filter and the maximakagé and current in semiconductors. The aim ofitsgn
process is to determine the optimization parametahges allowing respecting the considered condiai
including the EMC one.

2.5. Control constraint model
The considered control constraint is the convestaility. This constraint depends on the converter
architecture and the adopted control law.
In the case of a buck converter (Figure 1) withoatput voltage regulation using a Pl controller, a
linear open loop transfer function around the ofeggpoint @,,V.,) can be deduced (14).
) = ) _ a, (14)
onverteriS) = o () by + by -5 + by - S2 + by - 5% + by - 5°*

TF,

Where:

a: the duty cycle,

V. the output capacitor voltage (equals to the loalthge),

s: the Laplace transform variable,

a0, b, by, by, b, by coefficients depending on the converter pararmaeter

4. = Vbat

° LfoLC

b= 1

° LfoLC
Y"R-Li-GoL-C
bz:Lfo"l‘LC'FLfCOC%
b = 1

" R-C

b1=1

Because the presence of an EMC input filter, theilty is insured by constraining both the phase
margin to be greater than or equal8 48d the real part of the closed loop poles totietly negative.

2.6. Multi-objective function model

In our case, two objective functions will be mine®d together using Pareto front technique [17],
[18]. The first one is the total volume (sum of gi@e and active components volumes) and the sezoads
the converter time response (15):

Objective= min(volume, time response) (15)

Impact of control constraint on a multi-objectived converter design (Cherif Larouci)
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Knowing the controlled converter transfer functidhe converter time response is calculated for
each optimization point from the converter stepoase.

The volume models of passive components (indu@ndscapacitors) and active components (heat
sink) are detailed bellow.

Capacitor volume:

At a specific maximal voltage, the volume of a aafma is given for the considered technologies
(film, tantalum and electrolytic aluminum) as adtion of the capacitance (16) and by taken int@antthe
admissible RMS current in the capacitor (17).

Volc=k1'C3+k2'C2+k3'C+k4 (16)
Ieff = k5 - Ck6 (17)

The coefficients k(i = 1 to 6) depend on the capacitor technology e useful voltage applied to
the capacitor. They are identified from a capaditatabase for low voltage automotive applicatidass(or
equal to 100V).

Note that equation 16 represents the volume ofl@meantary capacitor. If parallel connections are
needed, the whole corresponding volume is dedugeduitiplying the elementary volume by the number o
connections.

Inductor volume:
For the inductor, four technologies are considd€Fetrite, Iron powder, MPP and High Flux). The
volume (VolL) of an inductor (L) can be estimatesing the following model [14]:

3 (18)
L-IL -IL 2
Vol = K, - (K M)
g v 5 Bmax ]
Where:
IL max @and ILms max and RMS inductor current depending on thevedar parameters including the
switching frequency.
Bmax and J: peak flux density and current density.
Ky : geometrical coefficient which characterizesshape of the magnetic circuit.
Kz : winding coefficient which is the ratio of thending and the copper areas.

Active component volume:
The active components volume is considered as aheme of the associated heat sink. This heat
sink volume (Volhs) can be estimated by the follogvmodel:

Volns = Ky - Rthy -h-e (19)
Where:
K, and K; coefficients depending on the heat sink shape.
‘h’ and ‘e’ the height and the thickness of thettmak respectively.
Rth,s the thermal resistance of the heat sink.
These parameters are identified from manufactudatasheets.

3. RESULTSAND ANALYSIS

Remember that the aim is to optimize both the veluamd the converter time response by
respecting electrical, efficiency, thermal, EMC asthbility constraints. These constraints have been
introduced progressively.

Figure 4 shows the obtained Pareto optimizationlt®¢between volume and time response) under
the following conditions:

« 1% case: only stability, electrical and efficiencynstraints are considered,

« 2"case: T case plus thermal constraint,

« 3%case: ¥ case plus EMC constraint (all constraints are iciened).

Note that the optimization has been carried outguMatlab genetic algorithm [17].
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According to this Figure, the time response reducteads to an increased converter volume and
conversely. Moreover, the progressive integratidn constraints yields time response and volume
performances degradation which results in a Paretees translations. In addition, for high timepasse
values, the volume obtained in the third case téodsrd the volume of the second case. It meartstiiea
time response is adjusted in this range with thetroler parameters which doesn't affect the coterer
volume. However, for low time response values,titme response is adjusted by both the controllertar
converter parameters which increase the total atenveolume.

Figure 5 shows the corresponding optimal switcHiggjuency range variations according to the
previous cases.
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Figure 5. Optimal switching frequency range
variations according to the imposed constraints

Figure 4. Pareto optimization results between valum
and time response

As expected, the corresponding optimal switchiregjfiency range solution decreases by integrating
more constraints. The obtained characteristicsufeig4 and 5) show the direct impact of the cordsplect
on the converter design. They allow the designechioose an operating point depending on the desired
performances in terms of volume and time response.

Note that if time response performance is more iaod than volume constraint, the designer will
choose left side solutions regarding point ‘P3Fagure 4. Otherwise, he will choose right side tohs.

Table 1 gives the main optimization results allogvio carryout compromise between the volume
and the time response (point ‘P3’ on Figure 4 cttar&zed by a volume of 0.73 liter and a time resgoof
2.5 ms).

Table 1. Main optimization results

Input filter inductance L(puH) 73.6
Input filter capacitance {QuF) 296
Output inductance L (uH) 89
Output capacitance C (UF) 190
Switching frequency fkHz) 22
Heat sink thermal resistance (°C/W) 1.24
Proportional coefficient of the PI controller 1.10°
Integral time constant of the PI controller (us) 95.
Efficiency (%) 80
Switch junction temperaturg I (°C) 130
Diode junction temperaturg § (°C) 130
Maximal voltage ripple (%) 5.68
Maximal current ripple (%) 6.54

Note that to carry out compromise between volurffesiency and thermal constraints, the obtained
optimal frequency is 22 kHz. In fact, higher fregoes induce important semiconductors losses winiake
it impossible to respect the thermal and efficiecogstraints.

Impact of control constraint on a multi-objectived converter design (Cherif Larouci)
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Figure 6 shows the corresponding optimized EMC tspatcompared to the considered standard.
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Figure 6. EMC spectrum

We can deduce that all constraints are respectete bhat the electrical constraint is largely
respected (maximal ripple 6.54% compared to 10%ghvineans that this constraint is less importaahth
the others constraints especially the EMC and theomes.

4. CONCLUSION

A multi-objective design approach of DC-DC buck eerter was presented in this paper. It allowed
minimizing the total volume and the converter tirmsponse under control, electrical, thermal, efficy and
EMC constraints. It has been shown that the coaredntrol aspect has a direct impact on the caewver
design and should be considered with the same Bapoe as the conventional constraints (volumepibgr
efficiency, EMC) especially if good dynamic perfantes are desired.

In future work, this control aspect will be congsielé in presence of some converter defaults (loss of
voltage sensor information’s for example). The aiitt be the integration in the optimization apprbaaf
fault tolerant control architecture to insure uamtipted operation.
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